1 

Electrode potentials 

Oleg A. Petrii, Galina A. Tslrlina 

Department of Electrochemistry, Moscow State University, Moscow, Russia 

1.1 Introductory Remarks 3 

1.2 External and Internal Potentials 4 

1.3 Electromotive Force (emf) and Gibbs Energy of Reaction 5 

1.4 Diffusion Potential Drop 9 

1.5 Classification of Electrodes 10 

1.6 Membrane Electrodes 12 

1.7 Standard Potentials 12 

1.8 Specific Features of Certain Reference Electrodes 13 

1.9 Values of Redox Potentials 15 

1.10 Potential Windows 16 

1.11 Experimental Techniques 16 

1.12 Effects of Ion Pairing 17 

1.13 Absolute Electrode Potential 18 

1.14 The Role of Electric Double Layers 20 

1.15 Conclusion 23 

References 23 



1.1 

Introductory Remarks 

The term “electrode potential” combines 
two basic notions: “electrode” and “poten- 
tial”. The electrical potential (p, as known 
from the physical definition, represents 
the electrical energy (work term), which 
is necessary for transferring a unit test 
charge from infinity in vacuum into the 
phase under consideration. We call this 
charge as “probe” (sometimes also “test” 
or “imaginary”) in order to emphasize 
that it is affected only by the external field 
and does not interact with the medium 
via non-Coulombic forces, and, moreover, 
is sufficiently small to induce any charge 
redistribution inside the phase. In actual 
practice, the charges exist only in a com- 
bination with certain species (elementary 
particles, particularly, electrons, and ions). 
Hence, the value of <p appears to be beyond 
the reach of experimental determination, 
a fact that poses the problems concerned 
with interpretation of the electrode po- 
tential and brings to existence numerous 
potential scales. A number of discussions 
of various levels can be found in the litera- 
ture [1-20], 

A system that contains two (or more) 
contacting phases, which includes at least 
one electronic and one ionic conductor, 
is usually considered as an electrode in 


electrochemistry. Electrodes can be based 
on metals, alloys, any type of semicon- 
ductors (namely, oxides and salts with 
electronic or mixed conduction, electron 
conducting polymers, various covalent 
compounds of metals), and also on a 
variety of composite materials. The cor- 
responding ionic conductors are usually 
electrolyte solutions or melts, solid elec- 
trolytes (particularly, amorphous and poly- 
meric materials), supercritical fluids, and 
various quasiliquid systems. In certain 
cases, the terms “electrode” and “electrode 
potential” are applied also to semiperme- 
able membranes - the systems separating 
two solutions of different composition (al- 
though these “membrane electrodes” do 
not exactly satisfy the definition given 
above). 

Real electrodes sometimes represent ex- 
tremely complicated systems, which can 
include several interfaces, each locating 
a certain potential drop. These inter- 
faces, together with the phases in contact, 
take part in the equilibria established 
in the electrochemical system. This is 
why the electrode potential is one of 
the most important notions of electro- 
chemical thermodynamics (to say nothing 
about its role in electrochemical kinetics), 
which describes the equilibrium phenom- 
ena in the systems containing charged 
components. The term “component” as 
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applied to the charged species does not 
mean that the ions are considered as the 
components amenable to Gibbs’ phase 
rule. 

Consideration of equilibria in the sys- 
tems of this sort requires the applica- 
tion of the notion of electrochemical 
potential introduced by Guggengheim 
[21] on the basis of the relationship 
for the electrochemical Gibbs free en- 
ergy G: 


1.2 

External and Internal Potentials 

The electrical state of any phase a can 
be characterized by its internal potential, 
which is a sum of the external (or outer) 
potential \jr a induced by free electrostatic 
charges of the phase and the surface 
potential y a [6, 23-26]: 

9 a = V + x“ (4) 


dG = -S AT + V dp + Mi d N t 

i 

+ Fj2-iVdNi (1) 

i 


where S is the entropy, V is the volume 
of the system, T and p are its temperature 
and pressure, respectively, /i, is the 
chemical potential of the /th species, 
Nj is the number of moles of the 
r th component, Zi is the charge of the 
/th species taking into consideration its 
sign, and tp is the electrical potential 
in the location point of the /th species, 
which is also called the internal (or 
inner) potential of the corresponding phase 
[22-26]. 

According to Eq. (1), the electrochemical 
potentials of the components, JXi, are 
characteristic values for the /th species 
in any phase a under consideration: 


A? = m“ 


= i w, 


( 2 ) 


p,T,N 


J# 


Only these values or the differences 
of electrochemical potentials referred to 
phases a and /J 


ftf - M? = Of - m") + ZiF(<p p 
are experimentally available. 


9 ° ) 
(3) 


When the free electrostatic charge in 
phase a turns to zero, i/r“ = 0 and 
<p a = x“ • The surface potential of a liquid 
phase is dictated by a certain interfacial 
orientation of solvent dipoles and other 
molecules with inherent and induced 
dipole moments, and also of ions and 
surface-active solute molecules. For solid 
phases, it is associated with the electronic 
gas, which expands beyond the lattice (and 
also causes the formation of a dipolar 
layer); other reasons are also possible. 

A conclusion of fundamental impor- 
tance, which follows from Eq. (3), states 
that the electrical potential drop can 
be measured only between the points, 
which find themselves in the phases of 
one and the same chemical composition. 
This conclusion was first formulated by 
Gibbs. Indeed, in this case, /if = /i“ and 
pP _ n a 

A yip = cpP — ip 01 = — Otherwise, 

ZiF 

when the points belong to two different 
phases, the experimental determination of 
the potential drop becomes impossible. 
Furthermore, these arguments imply that 
the difference between the internal poten- 
tials at the interface, A„< p, cannot be mea- 
sured. The quantity A„<p is called Galvani 
potential and determines the electrostatic 
component of the work term correspond- 
ing to the transfer across the interface, 
whereas the “chemical” component is 
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determined by the difference between the 
chemical potentials. In the literature, the 
term Galvani potential is also applied to 
the separate value of internal potential. 
However, it is not significant, because of 
the relative nature of this value, which is 
discussed below. 

The electrochemical equilibrium re- 
quires the equality of electrochemical 
potentials for all components in the con- 
tacting phases. From this condition of elec- 
trochemical equilibrium, the dependence 
of Galvani potential on the activities of 
potential-determining ions can be derived, 
which represents the Nernst equation [27] 
for a separate Galvani potential. That is, 
for an interface formed by a metal (M) 
and solution (S) containing the ions of this 
metal M z+ , 

R7^ 

A ^<p = tp u — tp s = const H In am z + 

2 F (5) 

where and <p s are the internal poten- 
tials of metal and solution, respectively, 
and <7 m z + is the activity of metal ions in 
solution. 

The impossibility to measure a separate 
Galvani potential rules out the possibil- 
ity of establishing a concentration corre- 
sponding to = 0. 

A formal consideration of Eq. (5) pre- 
dicts the infinitely large limiting value of 
the Galvani potential (A^V —*■ —oo) when 
the activity of metal ions approaches zero 
(a hypothetical solution containing no ions 
of this sort, or pure solvent). However, 
this is not the case, because the limit 
of thermodynamic stability of the solvent 
will be exceeded. For an ideal thermo- 
dynamically stable (hypothetical) solution, 
this uncertainty can be clarified, if the 
electronic equilibria between the metal 
and the solvent are taken into account, 
which requires the consideration of sol- 
vated electrons (e s ) [7-11]. The latter are 


real species present in any solution [27]; in 
aqueous and certain other media, their 
equilibrium concentration is extremely 
low, which, however, does not prevent us 
from formally using the thermodynamic 
consideration of the electrode potential in 
the framework of the concept of electronic 
equilibria. However, in real systems the 
exchange current density for M z+ /M pair 
appears to be so small in the limit under 
consideration that equilibrium cannot be 
maintained, and Eq. (5) no longer applies. 

The equilibrium with participation of 
solvated electrons can be expressed by a 
scheme 

M (solid) ■ <■■> ■ M (in solution) 

<=> M z+ + ze s (6) 

The dissolved metal atoms can be con- 
sidered as an electrolyte, which dissociates 
producing M z+ cations and the sim- 
plest anions, e s . Actually, the condition 
fl M2 + = 0 cannot be achieved, because a 
finite value for the “solubility product” 
of metal exists, and, simultaneously, the 
condition of electroneutrality is valid. By 
using the condition of the equality of elec- 
trochemical potentials of electrons in the 
solution and in the metal phases, we ob- 
tain 

. M h e M - 4 f R T. 

A £ <p = — = const m a e 

F F 

(7) 

where /ul 1 and /x| are the chemical 
potentials of electrons in metal and 
solution, respectively. 


1.3 

Electromotive Force (emf) and Gibbs 
Energy of Reaction 

T o study the electrical properties of the M | S 
interface presented schematically in Fig. 1, 
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it is necessary to construct a correctly 
connected circuit (Fig. 2) - a galvanic cell 
satisfying the condition of identical metal 
contacts at both terminals. For the system 
under discussion, it is a circuit of the 
following type: 

Mi|S|M|Mi (8) 

in which the electronic conductors M x and 
Mi consist of the same material, differ- 
ing only in their electric states (all the 
interfaces are assumed to be in equilib- 
rium). It is assumed that both terminals 
of voltmeter used for measurement of the 
potential consist of the same metal. It is 
evident that the measuring device with ter- 
minals also made of Mi records the total 
difference of electric potentials, or emf, 


Fig. 1 A scheme of potential drops at 
metal|solution interface: 

_ metal/solution Calvani 
potential; x S and x M the 
solution/vacuum and metal/vacuum 
surface potentials, respectively; 

A^i/r - metal/solution Volta potential. 



(9) 


which corresponds to the route of probe- 
charge transfer 1 =$> 2 => 3 and consists 
of three Galvani potentials. On the other 
hand, when going from Mi to M x via the 
route marked by points 1' => 2’ =>- 3' =>- 4' 
(Fig. 2), we obtain 

E = = A sV + 

( 10 ) 

Hence, the potential discussed can be 
expressed by three values, which are called 
Volta potentials (in some cases, contact 
potentials). They represent the potential 
differences between the points just outside 
the phases M and S in vacuum, and are 
measurable quantities. The distances from 



Fig. 2 Illustration of two 
possible routes of probe-charge 
transfer in a correctly connected 
circuit. 
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these points to the interface should be 
sufficiently large, as compared with the 
characteristic distance of molecular and 
image forces (up to 10~ 4 cm), and, at the 
same time, not too high to prevent the 
weakening of interaction with the charges 
inside the phases. Volta potential is a 
measurable quantity, because the points 
between which it is measured are located 
in the same phase and exclusively in the 
field of long-range forces. This means that 
the Volta potential does not depend on the 
charge of the probe. 

For the metal/metal boundary, these po- 
tvf 

tential differences (A m 1 i/' - ) can be defined 
by the difference of work functions [22], 
The latter can be obtained from the pho- 
toelectron emission (or thermoelectron 
emission) and also directly by using a cir- 
cuit 

Mi |M|vacuum|Mi 

where Mi is the reference metal. The main 
experimental problems are the surface pre- 
treatment (purification) and the elimina- 
tion of potential drop between the samples 
of Mi and M in ultrahigh vacuum. 

Volta potential for the interface metal 
(mercury) /solution can be found by using 
the following cell reference electrode |solu- 
tion|inert gas|Hg|solution|reference elec- 
trode when the solution flows to the system 
through the internal walls of a vertical tube, 
where mercury flows out via a capillary 
placed axially in a vertical tube and is bro- 
ken into drops. These mercury drops carry 
away the free charges, thus eliminating the 
potential difference in inert gas between 
Hg and the solution. If a plate of solid 
metal is used instead of liquid metal, it is 
necessary to eliminate the potential drop 
mentioned above. A similar technique can 
be used for the solution/solution inter- 
face. There are also other techniques of 
Volta potential determination [1-6, 28]. 


The interface M-JM (circuit 1.8) which, 
in the simplest case, represents a boundary 
of two metals, is easy to construct. 
Flowever, the Mi | S contact, which includes 
an additional electrochemical interface, is 
rarely feasible, being usually unstable and 
dependent on the nature of Mi. Generally, 
in place of Mi, a special electrochemical 
system, the so-called reference electrode 
should be included into cell 1.8. The 
electrode potential can be determined 
as the emf £ of a correctly connected 
electrical circuit formed by the electrified 
interface under discussion and a reference 
electrode. According to this definition, 
the potential of any reference electrode 
is assumed to be zero. 

Thus, electrochemists deal with the val- 
ues of potentials, which are, actually, the 
differences of potentials. The nature of the 
emf of a circuit for potential measurement 
depends on the type of the electrodes. If 
we ignore a less frequent situation of ide- 
ally polarizable electrodes, for the majority 
of systems, two half-reactions take place 
simultaneously in the cell. For ideally po- 
larizable electrodes, their contribution to 
emf can be considered, in the first approx- 
imation, as the potential drop inside a ca- 
pacitor formed by the electric double layer. 
Hence, this drop depends on the electrode 
free charge (see Sects. 1.3 and 1.5): 

Oxi + me < ■ ■ > Redi 

(on the electrode under study) , (11) 
0x2 + «2e < - > Red2 
(on the reference electrode) . (12) 

Taken together, Eqs. (11) and (12) corre- 
spond to the chemical reaction: 

viRedi + V 2 OX 2 < ■ ■ > V2Red2 + viOxi 

(13) 
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the relationship for stoichiometric coeffi- 
cients being 

n\v i = it 2 1’2 = n (14) 

where n is the number of electrons 
transferred across the electrochemical cell 
in a single act of reaction (13). 

From Eq. (3), the emf of the cell, 
which corresponds to reaction (13), can be 
expressed as follows: 

1 

E = — (vi/XRedj + V2 MOx 2 - ^2MRed 2 
nF 

-^iMo Xl ) (15) 

The right-hand term in parentheses 
equals the Gibbs energy of reaction (13) 
with the opposite sign. Hence, the emf 
of an electrochemical cell (a cell with 
eliminated diffusion and thermoelectric 
potential drops is implied, see later) corre- 
sponds to the reaction Gibbs free energy: 


This statement is true also for more 
complicated reactions with the participa- 
tion of N reactants and products, and can 
be generalized in the form of the Nernst 
equation: 

E = E° - % Y Vi In at (17) 
nF L —‘ 

i = 1 

where the stoichiometric numbers v,- < 0 
for the reactants and > 0 for the 
products, at are their activities, n is the 
total number of electrons transferred in 
the coupled electrochemical reactions, and 
E° is the standard potential, which is 
expressed by the standard Gibbs free 
energy AG° as 

o AG° 

E° = — (18) 

nr 

Under equilibrium conditions, the mean 
activities or the activities of neutral 


molecules (salts, acids) in Eq. (17) can be 
substituted for partial activities of ions, 
which cannot be measured experimentally. 

The applications of various types of 
electrochemical cells to chemical thermo- 
dynamics are considered in Sect. 2. 

Experimentally, the emf can be mea- 
sured either by compensating the circuit 
voltage (classical technique which became 
rare nowadays) or by using a voltmeter 
of very high internal resistance. The accu- 
racy of emf determination of about 1 pV 
can be achieved in precise measurements, 
whereas common devices provide the ac- 
curacy of about 1 mV. The potential unit 
named Volt, which is used in the modern 
literature (particularly, below), is the so- 
called absolute (abs) Volt; it differs slightly 
from the international (int) Volt value. The 
ratio abs/int is 1.00033. To determine the 
sign of emf, a conventional rule is adopted, 
which states that the left electrode should 
be considered as the reference one. 

For carrying out the experimental mea- 
surements of electrode potentials, a system 
chosen as the reference electrode should 
be easy to fabricate, and also stable and 
reproducible. This means that any pair of 
reference electrodes of the same type fabri- 
cated in any laboratory should demonstrate 
stable zero potential difference within the 
limits of experimental error. Additionally, 
the potential differences between two ref- 
erence electrodes of different type should 
remain constant for a long time. 

Another point is that the transfer of 
electricity (although of very low quan- 
tity) occurs in the course of emf mea- 
surements. Thus, the reference electrode 
should comply with the requirement of 
nonpolarizability: when the currents (usu- 
ally in the nanoampere range) flow across 
the system, the potential of the refer- 
ence electrode should remain constant. 
One of the most important features that 



determines this requirement is the ex- 
change current density «o, which expresses 
the rates of direct and reverse processes 
under equilibrium conditions. This quan- 
tity determines the rate of establishment 
of equilibrium (the state of the electric 
double layer is established very rapidly as 
compared with the total equilibrium). 


1.4 

Diffusion Potential Drop 

The use of reference electrodes frequently 
poses the problem of an additional poten- 
tial drop between the electrolytes of the 
electrode under study and of the reference 
one. For liquid electrolytes, this drop arises 
at the solution/solution interface (liquid 
junction). The symbol I conventionally de- 
notes an interface of two solutions with 
a diffusion potential drop in between; if 
this drop is eliminated (see later), then the 
symbol is used. In this case, the equilib- 
rium is not exact because of the existence 
of a diffusion potential drop The 

latter has the meaning of Galvani poten- 
tial and cannot be measured; however, it 
can be estimated by adopting a model ap- 
proach to the concentration distribution 
of ions in the interfacial region, the mod- 
els of Planck [29] and Henderson [30, 31] 
being the most conventional. The general 
expression for A^diff at the interface of 
liquid solutions (1) and (2) is as follows: 

R t /*( 2 ) p 

= ~— V — din at (19) 
F J ( i) n 

where tj is the transport number of the 
rth ion, that is, the portion of current 
transferred by this ion through the solu- 
tion. In the first approximation, Aipdiff can 
be estimated by substituting correspond- 
ing concentrations for the partial activities. 
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In Planck’s model for a sharp boundary, 
for a 1,1 electrolyte, 

R7^ 

A^diff = -rrln? (20) 

F 

where function ? can be found from a 
transcendent equation in which “+” and 
” denote the sets, which consist of all 
cations and of all anions, respectively, and 
X denotes the limiting conductivity of the 
corresponding ion: 




In 


E 


ad 


— In? 




In 
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„a) 


-In? 


?E<f-E4 


(i) 


E<f-?E^ 


(i) 


( 21 ) 


The Henderson equation that has gained 
wider acceptance can be written as follows 
for concentrations c having the units of 
normality: 



i 
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The solution is given for the case of a 
smeared out boundary and linear spatial 
distributions of concentrations. 

Generally, Eqs. (20) -(22) yield similar 
results; however, for junctions with a 
pronounced difference in ion mobilities 

(such as HCl • LiCl), the deviation can 
reach about 10 mV. A specific feature of 
the Planck equation is the existence of 
two solutions, the first being close to that 
of Henderson, and the second one being 
independent of the solution concentration 
and of no physical meaning [32]. 

In practice, in place of model calcula- 
tions and corresponding corrections, the 
elimination of the diffusion potential is 
conventionally applied. This is achieved 
by introducing the so-called salt bridges 
filled with concentrated solutions of salts, 
which contain anions and cations of close 
transport numbers. A widely known ex- 
ample is saturated KCl (4.2 M); in aqueous 
solutions, potassium and ammonium ni- 
trates are also suitable. However, the 
requirement of equal transport numbers 
is less important as compared with that of 
high concentration of electrolyte solution, 
which fills the bridge [33, 34]. A suitable 
version of the salt bridge can be chosen 
for any type of cells, when taking into ac- 
count the kind of studies and the features 
of chosen electrodes. 

In melts, an additional problem of 
thermo-emf arises, and the emf correction 
can be calculated from thermoelectric 
coefficients of phases in contact [35]. 


1.5 

Classification of Electrodes 

No universally adopted general classifica- 
tion of electrodes exists; however, when 
dealing with thermodynamic aspects of the 
electrode potential notion, we dwell on the 


electrode classification based on the nature 
of species participating in electrochemical 
equilibria. 

Electrodes of the first kind contain elec- 
tronic conductors as the reduced forms, 
and ions (particularly, complex ions) as 
the oxidized forms. The equilibrium can 
be established with respect to cations and 
anions; in the absence of ligands, the 
cations are more typical. The examples 
are: Cu|Cu 2+ . . . or . . . Au|[Au(CN) 2 ]“ 

This group can be supplemented also 
by amalgam electrodes (or other liquid 
electrodes) and electrodes fabricated from 
nonstoichiometric solids capable of chang- 
ing their composition reversibly (interca- 
lation compounds based on carbons, ox- 
ides, sulfides, and multicomponent salts, 
particularly, Li-intercalating electrodes of 
batteries). 

Electrodes of the second kind contain a 
layer of a poorly soluble compounds (salt, 
oxide, hydroxide), which is in contact with 
a solution of the same anion. The equi- 
librium is always established with respect 
to anions. The most typical examples are 
based on poorly soluble compounds of 
mercury and silver (Table 1). 

The redox polymers, both of organic and 
inorganic origin (such as polyvinylpyridine 
modified by redox-active complexes of met- 
als; Prussian blue and related materials), 
can be considered as a version of electrodes 
of the second kind; however, the equilib- 
rium is usually established with respect 
to cations. Electron conducting polymers 
(polyanyline, polypyrrol, and so forth) also 
pertain, in the first approximation, to the 
electrodes of the second kind, which main- 
tain equilibrium with respect to anion. 
Ion exchange polymer films on electrode 
surfaces form a subgroup of membrane 
electrodes. 

Rather exotic electrodes of the third 
kind (with simultaneous equilibria with 



7.5 Classification of Electrodes 11 


Tab. 1 Conventional reference electrodes [36] 


Reference 

electrode 

Potential versus 

SHE (aqueous systems, 
recommended values 
for 25 °C) 

M 

Analogs 

Media 

Calomel electrodes 

Saturated (SCE) 

Normal (NCE) 
decinormal 

0.241 (2) 

0.280(1) 

0.333(7) 

Mercurous 

bromide, iodide, 
iodate, acetate, 
oxalate electrodes 

Aqueous and 
mixed (with 
alcohols or 
dioxane) 

Silver chloride 

0.197(6) 

Silver cyanide, 

Aqueous, mixed, 

electrode 
(saturated KCI) 


oxide, bromate, 

iodate, 

perchlorate 

Nitrate 

abs. alcoholic 

Aprotic 

Mercury/mercurous 
sulfate electrode 

0.6151(5) 

Ag/Ag 2 S0 4 , 

Pb/Pb 2 S0 4 

Aqueous, mixed 

Mercury/mercuric 
oxide electrode 

0.098 


Aqueous, mixed 

Quinhyd rone 


Chloranil, 1 ,4-nap- 

Any with 

electrode 

0.01 M HCI 

0.1 M HCI 

0.586(8) 

0.641(4) 

htoquinhyd rone 

sufficient 
solubility of 
components 


Note: NCE: Normal calomel electrodes; SCE: saturated calomel electrode. 


respect to anions and cations) were also 
proposed for measuring certain special 
characteristics, such as the solubility prod- 
uct of poorly soluble salts. The rare 
examples are Ag|AgCl|PbCl2|Pb(NC>3)2 . . . 
or M|M0x|Ca0x|Ca(N03)2 . . . where M = 
Hg or Pb, and Ox is the oxalate 
anion. 

When the metal does not take part in 
the equilibrium and both components of 
the redox pair find themselves in solution, 
the system is called a redox electrode, 
for example, a quinhydrone electrodes 
(Table 1 ) or electrodes on the basis of 
transition metal complexes: 


Au|[Fe(CN) 6 ] 3 -,[Fe(CN) 6 ] 4 -... 

or Pt|[Co(EDTA)]“, [Co(EDTA)] 2 ' • • • 

When equilibrium is established be- 
tween ions in solution and the gas phase, 
we have gaseous electrodes; the inter- 
mediates of this equilibrium are usually 
adatoms: Pt, H2 1 H -1- . . ., or Pt, CI2 1 Cl — . . . 
Palladium, hydrogen-sorbing alloys, and 
intermetallic compounds pertain to gase- 
ous electrodes. However, at the same time, 
these systems are example of intercalation 
processes operating under equilibrium 
conditions, which brings them close to 
electrodes of the first kind. 
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The various kinds of electrodes consid- 
ered above can be unified, if we take into 
account the concept of an electronic equi- 
librium at metal/solution interface, that 
is, bear in mind that a certain activity of 
e s in solution, which corresponds to any 
equilibrium potential, exists. 


1.6 

Membrane Electrodes 

A special comment should be given of 
membrane electrodes. The potential drop 
across a membrane consists of the diffu- 
sion potential (which can be calculated 
in a similar manner as that for com- 
pletely permeable systems) and two so- 
called Donnan potential drops, named 
after F. G. Donnan who was the first to 
consider these systems on the basis of 
Gibbs thermodynamics [37]; more detailed 
consideration was given latter in Ref. [38]. 
The Donnan potential can be expressed 
via the activities of ions capable of per- 
meating through the membrane, and its 
value is independent of the activities of 
the other ions. This fact forms the basis 
for the widespread experimental technique 
of measuring the activities in the systems 
with eliminated diffusion potentials (ion- 
selective electrodes [39, 40]). The system 
best known among the latter is the pH- 
sensitive glass electrode, for which the 
modes of operation, the selectivity, and 
microscopic aspects were studied inten- 
sively [41]. Sensors of this sort are known 
for the vast majority of inorganic cations 
and many organic ions. The selectivity of 
membranes can be enhanced by construct- 
ing enzyme-containing membranes. 

The following brief classification of 
membrane electrodes can be used [42]: 
inert membranes (cellulose, some sorts of 
porous glass); ion exchange membranes, 


in which charged groups are bound with 
the membrane matrix; solid membranes 
reversible with respect to certain ions (as 
for glass electrode); biomembranes. The 
simplest model of a membrane electrode 
is the liquid/liquid interface, which is 
prepared by contacting two immiscible 
solutions and usually considered together 
with liquid electrodes in terms of soft 
electrochemical interface (see Sect. 3.4). 


1.7 

Standard Potentials 

Standard potential values are usually those 
of ideal unimolal solutions at a pres- 
sure of 1 atm (ignoring the deviations of 
fugacity and activity from pressure and 
concentration, respectively). A pressure of 
1 bar = 10 5 Pa was recommended as the 
standard value to be used in place of 
1 atm = 101 325 Pa (the difference corre- 
sponds to a 0.34-mV shift of potential). If 
a component of the gas phase participates 
in the equilibrium, its partial pressure is 
taken as the standard value; if not, the 
standard pressure should be that of the 
inert gas over the solution or melt. In a 
certain case, a standard potential can be 
established in a system with nonunity ac- 
tivities, if the combination of the latter 
substituted in the Nernst equation equals 
unity. For any solid component of re- 
dox systems, the chemical potential does 
not change in the course of the reaction, 
and it remains in its standard state. In 
contrast to the common thermodynamic 
definition of the standard state, the tem- 
perature is ignored, because the potential 
of the standard hydrogen (protium) elec- 
trode is taken to be zero at any temperature 
in aqueous and protic media. The zero 
temperature coefficient of the SHE corre- 
sponds to the conventional assumption of 



the zero standard entropy of H + ions. This 
extrathermodynamic assumption induces 
the impossibility of comparing the values 
referred to the hydrogen electrodes, in dif- 
ferent solvents. Of the systems regarded as 
reference electrodes, platinum hydrogen 
electrodes exhibit i'o values ranked among 
the greatest known (10~ 3 -10 -2 A cm -2 , 
at least, in aqueous acidic solutions). This 
type of electrodes is used as the ref- 
erence for tabulating universal potential 
values [43-47]. 

The universal definition of the standard 
potential E° of a redox couple Red/Ox is 
as follows: the standard potential is the 
value of emf of an electrochemical cell, 
in which diffusion potential and thermo- 
emf are eliminated. This cell consists of an 
electrode, on which the Red/Ox equilibria 
establish under standard conditions, and 
a SHE. 


1.8 

Specific Features of Certain Reference 
Electrodes 

An important type of reference electrodes 
is presented by the so-called reversible 
hydrogen electrodes (RHE) in the same so- 
lution, which makes it possible to avoid 
the liquid junction. These electrodes are 
preferentially used in electrochemical ex- 
periments when investigating the systems 
with H + and H 2 involved in the process 
under study (adsorption and electrocataly- 
sis on hydrogen-adsorbing surfaces, such 
as platinum group metals). The RHE can 
be produced for a wide range of pH; certain 
special problems associated with neutral 
solutions can be solved by using buffer- 
ing agents. In media containing organic 
components, the possible catalytic hydro- 
genation of the latter poses an additional 
limitation for hydrogen electrodes. 
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In general, electrodes of the second 
kind are more convenient as reference 
electrodes, because they do not require 
a source of gaseous hydrogen. Dynamic 
hydrogen reference electrodes, which rep- 
resent a wire of platinum metal (or another 
metal with low hydrogen overvoltage) ca- 
thodically polarized up to the hydrogen 
evolution, give a possibility of avoiding 
the use of gaseous hydrogen. Their sta- 
ble potential values are determined by the 
existence of the current-potential relation- 
ship, which is possible for the electrode 
processes with high degree of stability. A 
special type of stable hydrogen electrode 
is based on Pd hydride (f -phase). Another 
advantage of the electrodes of the second 
kind is their applicability in a wider range 
of temperatures, and also suitability for a 
wide range of pressures. Operating at high 
temperatures presents a real challenge in 
finding a suitable reference electrode (al- 
though there are few examples stable up 
to 250-300 °C). One should never use any 
reference electrode containing mercury at 
elevated temperatures. For other reference 
electrodes (e.g., silver/silver chloride), sta- 
bility and reproducibility should be tested 
carefully before it is used at temperatures 
above 100 °C. 

For aqueous hydrogen electrodes, the 
potentiometric data are now available in 
both sub- and supercritical regions, up to 
723 K and 275 bar [48]. However, their use 
as the high-temperature reference systems 
involves numerous complications. 

Among reliable systems for high- 
temperature measurements, gaseous (first 
of all, oxygen) electrodes based on solid 
electrolytes of the yttria-stabilized zirconia 
(YSZ) type can be recommended, which 
are always applied in the electrochemical 
cells with solid electrolytes. Gaseous elec- 
trodes based on Pt or carbon are also widely 
used in high-temperature melts, especially 
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those based on oxides (oxygen reference 
electrode) or chlorides (chlorine reference 
electrode). 

There are lots of systems, especially 
for electroplating and electrosynthesis, in 
which electrodes of the first kind can be 
used, without any liquid junctions (the 
example is liquid A1 in AlF 3 -containing 
melts). More universal systems for melts 
of various kinds are: a chlorine electrode in 
equimolar NaCl + KCl melt and Ag/Ag + 
electrodes with the range of Ag+ con- 
centrations (0.01-10 mM) corresponding 
to usual solubility values. Reference elec- 
trodes of the second kind can hardly be 
used in melts because of the high solubility 
of the majority of inorganic solids. 

When studying nonaqueous systems by 
means of galvanic cells with aqueous or 
mixed reference electrodes, we cannot 
avoid liquid/liquid junctions and estimate 
the corresponding potential drop from 
any realistic model. In protic nonaqueous 
media (alcohols, dioxane, acetone, etc.), 
a hydrogen electrode can be used; it is 
also suitable for some aqueous/aprotic 
mixtures. However, the io values for the 
hydrogen reaction are much lower as 
compared with purely aqueous solutions. 
When studies are carried out in nonaque- 
ous media, in order to avoid liquid/liquid 
junction preference should be given to the 
reference electrodes in the same solvent as 
the electrode of interest. 

In aprotic (as well as in protic and 
mixed) media, the two reference sys- 
tems of choice are ferrocene/ferrocenium 
and bis(biphenil)chromium(l/0). The pen- 
tamethylcyclopentadienyl analog of the 
former was recently shown to yield higher 
performance [49, 50]. Among other typical 
electrodes, Ag/AgNC >3 should be men- 
tioned. We can also mention special 
reference systems suitable for certain sol- 
vents, such as amalgam electrodes based 


on Tl“ and Zn in liquid ammonia and hy- 
drazine, and also Hg/Hg 2 F 2 electrode in 
pure HF. 

An exhaustive consideration of the 
specific features of various reference 
electrodes (fabrication, reproducibility and 
stability, modes of applicability, effects 
of impurities, necessary corrections) can 
be found in Refs. [36, 51-54]. Nowadays, 
certain new findings in this field are 
possible because of the novel approaches 
to immobilization of redox centers on the 
electrode surfaces. 

The attempts to interrelate the poten- 
tial scales in aqueous and nonaqueous 
solutions have been undertaken and are 
still in progress. Such a relationship 
could have been found if the free en- 
ergy of transfer was known at least for 
one type of charged species common to 
the solvents. It is evident that ways of 
solving this problem can be based on 
the assumptions beyond the scopes of 
thermodynamics. Thus, it was mentioned 
in Ref. [18-20] that the free energy of 
solvation of Rb + ion is low and approx- 
imately the same in different solvents 
because of its great size. However, any 
direct application of rubidium electrodes 
is hampered by their corrosion activity as 
well as by the fact that their potential 
lies in the region of electroreduction of 
a number of solvents. Another proposition 
concerns the fact that the free energies 
of transfer for certain cations and neu- 
tral molecules of the redox pairs A/A + 
are the same in different solvents, which 
is also caused by their great sizes [51]. 
Ferrocen/ferrocenium-lilce systems were 
taken as the A/A + pairs. It is inter- 
esting that these scales - rubidium and 
A/A + - adequately correlate with one an- 
other. Different extrathermodynamic as- 
sumptions are compared in Ref. [54]. 
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Special reference electrodes are intro- 
duced when considering the thermody- 
namics of surface phenomena on elec- 
trodes [55]. That is, when we use a “virtual” 
reference electrode potential, which is re- 
ferred to the electrode reversible with 
respect to cation or anion in the same solu- 
tion, changes by a value of (R T / F) In a± 
(a± is a mean activity coefficient), then 
the thermodynamic relationships can be 
generalized for a solution of an arbitrary 
concentration without introducing any no- 
tions on the activity of a separate ion 
(Sect. 5). 


1.9 

Values of Redox Potentials 

The values of redox potentials were tabu- 
lated in numerous collections [43-47], the 
latest collections being critically selected. 
The potentials of redox systems with par- 
ticipation of radicals and species in excited 
electronic states are discussed in Refs. [56, 
57]. There is no need to measure the 
potentials for all redox pairs (and, corre- 
spondingly, AG for all known reactions). 
If we obtain the partial values for a number 
of ions and compounds, the characteristic 
values for any other reactions can be com- 
puted. The idea of calculation is based on 
the fact that the emf value only depends 
on the initial and final states of the sys- 
tem, being independent of the existence 
of any intermediate states. This fact is of 
great importance for systems, for which 
it is impossible, or extremely difficult, to 
prepare a reversible electrode (redox cou- 
ples containing oxygen or active metals). 
From considerations of the equilibria with 
participation of a solvated electron, the 
E° value that determines the value of the 
constant in Eq. (7) was estimated: - 2.87 V 
(SHE) [56], 


It should be mentioned that no standard 
electrode can be experimentally achieved, 
because the standard conditions are hypo- 
thetical (no system is ideal at a unimolal 
concentration and the atmospheric pres- 
sure). Hence, the majority of tabulated 
values were recalculated from the data for 
more dilute solutions, usually after the 
preliminary extrapolation to the zero ionic 
strength. When dealing with the reverse 
procedure (recalculation of equilibrium 
potentials for dilute solutions from tabu- 
lated standard values), we should take into 
account that in real systems the time of 
equilibrium establishment increases with 
decreasing concentration, because of the 
decrease in rates of half-cell reactions. 
Hence, the possibility to prepare a re- 
versible electrode is limited to a certain 
concentration value. 

A famous collection of calculated poten- 
tials was presented by Pourbaix [46] for 
aqueous solutions of simplest compounds 
of elements with oxygen and hydrogen. 
Although this collection ignores the non- 
stoichiometry phenomena, which are of 
great importance for many oxides and hy- 
droxides, it remains helpful for making 
rough estimates and also predicting the 
corrosion peculiarities. It should be noted 
that these predictions cannot be observed 
in some systems under pronounced ki- 
netic limitations. 

The shifts of reversible potentials of ox- 
ide electrodes with composition were first 
considered in Ref. [12] using the example 
of hydrated Mn 02 - Y , which demonstrates 
a wide region of inhomogeneity. Later, the 
considerations of this sort were carried out 
also for other systems [58], 

There are lots of empirical and semiem- 
pirical correlations of redox potentials with 
molecular characteristics of substances, 
especially for the sequences of related 
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compounds, which can be used for semi- 
quantitative estimates of potentials of 
novel systems. The most advanced ap- 
proaches known from coordination chem- 
istry take into account a -donating and 
jz -accepting abilities of the ligands, which 
can be expressed, for example, in terms 
of Hammett or Taft, and also other effec- 
tive parameters [59]. For the sequences of 
complexes with different central ions and 
related ligands, the steric factors (namely, 
chelating ability) are known to significantly 
affect the redox potentials. 

A separate field deals with correlating 
the redox potentials with spectroscopic 
parameters, such as the energy of the 
first allowed d-d transition in a complex, 
the energy of the metal-to-ligand charge- 
transfer band (i.e., the separation between 
the HOMO (highest occupied molecular 
orbital) on the metal and LUMO (lowest 
unoccupied molecular orbital) on the 
ligand), and nuclear magnetic resonance 
(NMR) chemical shifts. The problem 
of extending these correlations over a 
wider range of reactions, including those 
irreversible (for which the kinetics makes 
a substantial contribution to the formal 
potential value, the latter being evidently 
nonthermodynamic) was considered a 
long time ago [60]. Advanced spectroscopic 
techniques are widely used for solving the 
reverse problem of determining the redox 
potentials of irreversible couples [61]. 


1.10 

Potential Windows 

The feasibility of determining the redox 
potential depends strongly on the solvent, 
the electrolyte, and the electrode material: 
all of them should remain inert in po- 
tential ranges as wide as possible. In this 
connection, the term “potential window” 


is usually used, which characterizes the 
width of the interval between the poten- 
tials of cathodic and anodic background 
processes. The narrow potential window 
of water (about 1. 3-1.4 V on platinum 
group metals, and up to 2 V on mercury- 
like metals, which do not catalyze the 
hydrogen evolution reaction) stimulates 
the potentiometric studies in nonaqueous 
solvents. Aprotic solvents usually demon- 
strate windows of about 3-3.5 V, if the 
optimal supporting electrolyte is chosen. 
An extremely wide window is known, for 
example, for liquid SO 2 , which is of highest 
interest for measuring extremely positive 
redox potentials (up to +6.0 V (SCE)) [62]. 
Low-temperature haloaluminate melts are 
highly promising systems [63]. Finally, a 
number of unique mixed solvents with 
extremely wide windows were found in 
recent studies of lithium batteries [64]. 

Among electrode materials, the widest 
windows are known for transition metal 
oxides, borides, nitrides, and some spe- 
cially fabricated carbon-based materials. It 
should be mentioned that, if the nature 
of electrode material can affect the formal 
potential value by changing the mecha- 
nism and kinetic parameters, the solvent 
frequently has a pronounced effect on the 
equilibrium potential, because of the sol- 
vation contribution to free Gibbs energy. 

1.11 

Experimental Techniques 

Direct potentiometry (emf measurements) 
requires the potential of indicator electrode 
to be determined by the potential of the re- 
dox pair under study. Sometimes this is 
impossible, because of the low exchange 
current densities and/or concentrations 
(particularly, at low solubilities or limited 



stabilities of the components), when extra- 
neous redox pairs contribute significantly 
to the measured potential. The sensitivity 
of direct potentiometry can be enhanced by 
using preconcentration procedures, partic- 
ularly in polymeric films on the electrode 
surfaces [65]. However, it is common to 
use voltammetry, polarography, and other 
related techniques in place of potentiom- 
etry. The formal potential (determined as 
the potential between anodic and cathodic 
current peaks on voltammograms) does 
not generally coincide with the equilib- 
rium redox potential, the accuracy depend- 
ing on the reaction mechanism [66-68]. 
For reversible and simplest quasireversible 
electrode reactions, the exact determina- 
tion of standard potentials from the data of 
stationary voltammetry and polarography 
is possible. Only these dynamic techniques 
are suitable for the studies of equilibria 
with participation of long-living radicals 
and other excited species, which can be 
introduced into solution only by in situ 
electrochemical generating. 

If voltammetric and related techniques 
are used, the ohmic drop should be either 
compensated (now this is usually done by 
the software or hardware of electrochem- 
ical devices [69]), or reduced by using, for 
example, a Luggin (Luggin-Gaber) capil- 
lary (see in Ref. [12]). Another important 
technical detail is that the components 
of reference redox systems (such as fer- 
rocene/ferrocenium) are frequently added 
immediately into the working compart- 
ment when voltammetry-like techniques 
are applied. 

Applications of potentiometry are rather 
widespread, and its efficiency is high 
enough when operating with relative po- 
tential values. A mention should be made, 
first of all, of the determination of ba- 
sic thermodynamic quantities, such as 
the equilibrium constants for coordination 
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chemistry and the activity coefficients. The 
latter task covers a wide field of pH-metric 
applications, and also the analytical tech- 
niques based on ion-selective electrodes. 


1.12 

Effects of Ion Pairing 

An important factor affecting redox po- 
tentials is also ion pairing, which is 
conventionally taken into account in terms 
of activity coefficients. For redox potentials 
of coordination compounds, the following 
equation is known [70]: 


R T , 

E = E 0 + — In 
F 


A red 


(23) 


where and K ox denote the equilib- 
rium constants of a complex (particularly, 
ion pair) formation. In as much as outer 
sphere ionic association is highly sensitive 
to the ionic charge, K ie< ± appears to be 
higher than K ox , and the potential shifts 
to more positive values with the ionic 
strength. That is, for usual concentrations 
of hexacyanoferrates in aqueous solutions, 
the shift induced by the association with 
K + ions reaches 0.1 V and higher at usual 
concentrations. 

In electroanalysis, Eq. (23) forms the 
basis of highly sensitive techniques 
of potentiometric titration. The practi- 
cal applications are presented by numer- 
ous potentiometric sensors, particularly 
biosensors [71-74]. The potential mea- 
surements in microheterogeneous media 
(microemulsions; anionic, cationic and 
nonionic micelles) were worked out re- 
cently [75]. A separate field is the potentio- 
metric studies of liquid/liquid junctions 
directed to the determination of ionic 
transport numbers. 
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1.13 

Absolute Electrode Potential 

Although it has long been known that only 
relative electrode potentials can be mea- 
sured experimentally, numerous attempts 
were undertaken to determine the value 
of potential of an isolated electrode with- 
out referring it to any reference system 
(“absolute electrode potential”). Exhaus- 
tive and more particular considerations of 
the problem of “absolute potential” can 
be found in Refs. [1-20, 76-86], These 
attempts were concentrated around the 
determination of a separate Galvani po- 
tential, (which was named initially 

as the absolute electrode potential) and also 
included the search for a reference elec- 
trode, for which the maximum possible 
work of any imaginary electrode process 
equals zero. Sometimes, the problem was 
formulated as a search for the hypotheti- 
cal reference state determined as reckoned 
from the ground state of electron in vac- 
uum (a “physical” scale of energy with 
the opposite sign). In this connection, the 
requirement for the reference electrode 
under discussion was formulated in the 
absence of any additional electrochemical 
interfaces. 

Finally, these studies have transformed 
into a reasonable separation of the mea- 
sured emf for a cell, which consists of 
an electrode under consideration and a 
standard reference electrode, in order to 
determine two electrode potentials re- 
ferred to individual interfaces (or to the 
separate half-reactions) by using only the 
experimentally measurable values. 

To illustrate the technique of Galvani 
potential calculation, we return to the M | S 
interface. According to scheme in Fig. 1, 

a£V= a£V-x s + x m (24) 


and the problem reduces to the determi- 
nation of / s and x M , because the Volta 
potential can be measured. The es- 
timates of x H 2 ° for the water/air interface 
were made by considering the adsorption 
effects that inorganic acids, HCIO4, and 
HBr [87, 88] and aliphatic compounds [89] 
exert on the Volta potential of water/air 
interface, and also by measuring the tem- 
perature coefficient of / H2 ° [90]. In this 
connection, the measured real hydration 
energies of ions, AG^^ , were compared 
with the calculated chemical hydration en- 
ergies, ACy™*. The real (total or free) 
energies were considered as the energy 
changes, which accompany the transfer 
of ions from air to solution. This value 
can be divided into the chemical hydration 
energy, which is caused by the interac- 
tion of an ion with surrounding water 
molecules, and the change of electric en- 
ergy that equals ZiFx Hl ° (where n is the 
charge of the ion of the corresponding 
sign): 


AG 


(real) 

hydr 


AG 


(chem) 

hydr 


+ ZiF X 


h 2 o 


(25) 


On the other hand, the real solvation 
energy can be written as 


AG' r ; d 7 = — AG subl - AG ion 

+ ZiFA™ i0 i,-ZiFW e (26) 


where AG sub i is the free energy of metal 
sublimation (atomization), AGi 0n is the 
free energy of ionization of a metal atom, 
W e is the electron work function of M, 
and A^ 2 qi/c is the Volta potential of the 
interface corresponding to the equilibrium 
potential in a solution, in which the 
concentration of metal ions is unity. The 
most reliable values of AGJ re j 1) were 

hydr 

reported in Ref. [91]. 



The value of AG^“ n) cannot be mea- 
sured directly; however, it can be estimated 
on the basis of information on the liq- 
uid structure of water and the structure 
of its molecule. Having and 

AG$\ we can find x H2 ° from Eq. (24). 
The estimates of this value given in the 
literature for water/air interface disagree 
with one another significantly (from —0.48 
up to +0.29 V). A critical comparative con- 
sideration of various studies leads to a 
conclusion about a low positive value of 
X H2 °, namely, 0.13 V [1-9]. This value 
corresponds to the infinite dilution and 
can be changed by changing the solution 
concentration. 

The estimation of x M is an even 
more complicated problem. Figure 3 
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schematically illustrates a “metal box” 
corresponding to the jellium model. 
According to this figure, 

W e =V-s F = e 0X M + V ex -ev (27) 

the notations are given in the figure 
caption. In the framework of the jellium 
model, we can calculate / M by two 
techniques: directly from the distribution 
of the electronic gas outside the metal, and 
also by calculating Vex and ep with the 
subsequent use ofEq. (26). Unfortunately, 
the jellium model has a serious limitation; 
the estimates of / M will be improved in 
future as the theory of electronic structure 
of metals and their surfaces becomes more 
advanced. 

As was correctly reasoned in Ref. [10, 

11], the scale of “absolute potential” 


electron in vacuum 
— (at infinity) 


-c 0 V M 


Jlf/N A 


electron in vacuum 
(near the metal surface) 


Fermi level 



Fig. 3 A scheme of electron energy levels for a model of “metal box” (according to 
C. Kittel, Elementary Solid State Physics, Wiley, New York, 1962): - electrochemical 

potential of electron in metal, N A - Avogadro number, ep - Fermi energy, x/r M - outer 
potential of metal, W e - electron work function, V - electron potential energy in metal 
(V = Vex + V e | , V ex - energy of electron exchange, which corresponds to the electron 
interaction with positively charged jellium, V e | = eo/ M - the surface component of 
electron potential energy). 
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constructed in accordance with Ref. [7] 
and recommended in Ref. [9] is, in fact, 
equivalent to the scale first proposed 
in Refs. [76-81], which should be named 
after Kanevskii: 



quantities, for which the contributions 
AG sub i, AGion, and AG^ can be ex- 
perimentally determined. For a hydrogen 
electrode, 


(£ k ) h +, h 2 

[i AG diss + AG ion + AGgf] 

~~ F 

(29) 

which gives the possibility to recommend 
the value —4.44 ± 0.02 V for the “abso- 
lute potential” of hydrogen electrode (at 
298.15 K). For other temperatures, the cal- 
culations of this sort are limited by the 
lack of information on the temperature 
coefficient of work function. It should 
be mentioned that the uncertainty of 
absolute potential calculation is substan- 
tially higher than the accuracy of direct 
potential measurements with respect to 
a reference electrode. The useful com- 
ments to Kanevskii’s scale can be found 
in Refs. [16-20, 84], In the “absolute” 
scale, the “absolute potential” of any 
aqueous electrode at 298.15 K can be de- 
termined as 


The “absolute potentials” of the hydro- 
gen electrode in a number of nonaqueous 
solvents are reported in Ref. [9]. 

The value of £k can be expressed via 
metal/vacuum electron work function and 
Volta potential [10, 11]: 

E K =W e + A^V (31) 

The majority of electrochemical prob- 
lems can be solved without separating 
the emf into “absolute potentials”. How- 
ever, it should be mentioned that the 
problem concerning the structure of the 
interfacial potential drop becomes the top- 
ical problem for the modern studies of 
electrified interfaces on the microscopic 
level, particularly, in attempts of test- 
ing the electrified interfaces by probe 
techniques [92-94]. The absolute scales 
are also of interest for electrochemistry 
of semiconductors in the context of cal- 
ibrating the energy levels of materials. 
This problem is related to another general 
problem of physical chemistry - the de- 
termination of activity coefficient of an 
individual charged species. 


1.14 

The Role of Electric Double Layers 

Later, a more detailed consideration of the 
M|S interface is given, which takes into 
account the formation of electric double 
layer. Figure 1 shows the potential drops 
at the metal/solution interface. It follows 
from this figure that 

A^V = X s + A^V - / M (32) 


E k = (£k)h+,h 2 + E *=» —4.44 + E The value of the Galvani potential A^*<p 

(30) can be represented as the sum of the 
where E is the potential referred to potential drop inside the ionic double layer 
the SHE. Two scales are combined for A tp and the surface potentials of solution 
comparison in Fig. 4. and metal, which have changed as a result 
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Electrochemical Physical 

scale scale 

[V] [eV] 

(Absolute potential scale) = —(Physical scale) 
E(abs) / V = E(SHE) / V + 4.44 


£°(Li + /Li) -3.05 
Hydrated electron -2.87 

£°(Mg 2+ /Mg) _2.37 

E°(A1 3+ /A1) -1.66 


£°(Zn 2+ /Zn) -0.76 
Potential of zero charge of gallium -0.69 


Potential of zero charge of mercury -0.19 
Standard hydrogen electrode (SHE) 

Saturated calomel electrode (SCE) 0.24 


£°(Ag + /Ag) 0.80 

Standard oxygen electrode ( a =1) 1.23 

£°(MnO 4 "7Mn0 2 ) 1.70 


-4 - 

yj 

- -l 

-3 - 



- -2 

-2 - 


-1 - 
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- -4 
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- -5 
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- -6 
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in a vacuum 


-1.39 

-1.57 

-2.07 

-2.78 

-3.68 

-3.75 

-4.25 

-4.68 

-5.24 

-5.67 

-6.14 


Fig. 4 Comparison of SHE and “absolute” scales, as reported in Ref. [9]. 


of mutual contact: 

A^ = A^-x S(M > + x M(S) (33) 

where x S(M) and x M(S) are the sur- 
face potentials of solution and metal 


at their common interface, respectively. 
Hence, 


A^V = X S - X S(M) + + x M(S) - X M 

= A(p + Sx M - Sx s 


(34) 
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Fig. 5 Correlation of work function differences and the differences of 
potentials at constant electrode charge tx for cr = 0 (1 ) and 
— 18 |iC cm~ 2 (2), as reported in Ref. [5], 


By writing such relationships for two 
interfaces, Mi|S and M 2 IS and substitut- 
ing corresponding A^G fr and A^* 2 i/r into 
Eq. (10), we obtain 

E = A^t/f + (Aipi - Atp 2 ) 

+ («Xi M -*X2 M + «x!-«Xi S ) (35) 

If the metals Mi and M 2 interact very 
weakly with the solvent molecules, we can 
assume that, in the first approximation, 
the last right-hand term in parentheses is 
zero, and 

E = + (Acp! - A<p 2 ) (36) 

When both metals. Mi and M 2 , are 
zero charged (their excess surface charge 
density ctm = 0), and the ionic double 
layers are absent on their surfaces, 

AE„ m=0 « A^tfr (37) 


Eq. (36) and (37) obtained by Frum- 
kin [1-5] can be classified as the solution 
of the famous Volta problem of the nature 
of emf of electrochemical circuit. Equa- 
tion (37) demonstrates that the difference 
of potentials of zero charge (pzc) of two 
metals is approximately equal to their Volta 
potential. In as much as the Volta poten- 
tial A^i/' - is equal to the difference of 
work functions of the metals (We 2 and 
W^ 1 ), the verification of Eq. (37) can be 
carried out by comparing the differences 
both in pzc and in work functions (Fig. 5). 
The data of Fig. 5 confirm Eq. (37) and, si- 
multaneously, demonstrate the possibility 
of substantial deviations from this rela- 
tionship for the systems with pronounced 
solvent/metal interaction (as, for example, 
for the Ga/water interface). 

In the context of concept of zero charge 
potential [1-5], a specific scale of electrode 
potentials should be mentioned, a reduced 
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scale, in which the potential of electrode 
referred to its pzc for given solution 
composition. It was used actively in the 
studies of the electric double layer as the so- 
called Grahame rational scale (see Sect. 5). 


1.15 

Conclusion 

As mentioned earlier, the role played by the 
electrode potential in electrochemistry and 
surface science is not limited to thermody- 
namic aspects. The electrode potential is 
the factor that governs (directly or via the 
electrode charge) the surface reconstruc- 
tion and phase transitions in adsorbed 
layers. It is also the key factor, which de- 
termines the Gibbs free energy of reaction 
and, correspondingly, the Frank-Condon 
barrier. In electrochemical kinetics, the 
characteristic value is not the potential 
itself, but the overvoltage, which is the de- 
viation of the potential from its reversible 
value in the same solution when the 
current flows across the electrochemical 
interface. The potential plays an impor- 
tant role in electrosynthesis, because the 
controlled potential electrolysis can be per- 
formed with high selectivity, in the absence 
of foreign reagents (oxidizers or reduc- 
ers). The concept of membrane potential 
is one of the basic concepts in biophysics. 
All these wide fields of science demon- 
strate the interplay with electrochemical 
thermodynamics and provide the basis for 
further interpenetration of chemistry, bi- 
ology, and physics, which was pioneered 
two centuries ago by the studies on the 
problem of electrode potential. 
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2 . 1.1 

Introduction 

Most of the events in electrochemistry take 
place at an interface, and that is why 
interfacial electrochemistry constitutes the 
major part of electrochemical science. Rel- 
evant interfaces here are the metal-liquid 
electrolyte (LE), metal-solid electrolyte 
(SE), semiconductor-electrolyte, and the 
interface between two immiscible elec- 
trolyte solutions (ITIES). These interfaces 
are chargeable, that is, when the exter- 
nal potential is applied, charge separation 
of positive and negative charges on the 
two sides of the contact occurs. Such 
an interface can accumulate energy and 
be characterized by electric capacitance, 
within the range of ideal polarizability be- 
yond which Faraday processes turn on. 


The interfaces dielectric -electrolyte are 
less important in classical electrochem- 
istry, but are central for bioelectro- 
chemistry and colloid science. These 
are, e.g., ionic crystal -electrolyte, lipid- 
bilayer-electrolyte, and protein-elec- 
trolyte interfaces. Such interfaces are not 
chargeable, but they may contain charges 
attached to surfaces. All these interfaces, 
chargeable or containing fixed charges, 
zwitter-ions or dipoles, are called electrified 
interfaces. 

Properties of the interface play a crucial 
role in electrochemical energy conversion, 
electrolysis, electrocatalysis, and electro- 
chemical devices. On the other hand, the 
chargeable interface can and has been 
widely used to probe various surface prop- 
erties. Indeed, due to Debye screening in 
electrolyte, the electric field at the electro- 
chemical interface is localized in a narrow 
interfacial region and the interface can 
be easily charged to tens of pCcm -2 at 
quite modest potentials. Physicists called 
electrochemistry a surface science with a 
joystick. The potentiostat is the joystick, 
which allows to vary the electric field at 
the interface from zero to 10 V A -1 . Mea- 
suring the given signal dependence on 
the potential modulation makes it possi- 
ble to distinguish the terms related to the 
interface, since the electric field in equi- 
librium is zero in the bulk. That joystick 
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was not available in surface science, and 
thus physicists started to immerse solid 
surfaces into the electrolyte environment 
in order to probe the interface response to 
charging. 

Distribution of potential near a charged 
interface is crucial in electrode kinetics, 
since the potential drop plays the role of 
a variable driving force of reaction. The 
reactions take place at the interface and 
with participation of adsorbed reactants. 
However, not only reactants but other 
species as well can adsorb at the interface. 
Competitive adsorption of these species, 
ions or dipoles can play, depending on the 
situation, a catalyzing or inhibiting role on 
the reaction rates. 

On the whole, understanding the struc- 
ture of the interface and its response to 
charging is most essential for electrochem- 
istry and its implications for colloid science 
and biophysics. 

The electrochemical interface is com- 
posed of molecules (solvent, adsorbed 
molecular species) and ions (of electrolyte), 
which can be partially discharged when 
chemisorbed, electrons and skeleton ions 
in the case of metal electrodes, electrons 
and holes in the case of semiconductor 
electrodes, mobile conducting and im- 
mobile skeleton ions in SEs. Molecules 
and ions are classical objects but elec- 
trons, holes with small effective mass, 
and protons are quantum objects. Inter- 
action between molecules and surfaces 
is quantum-mechanical in nature in the 
case of chemisorption. Thus, microscopic 
description of the interface requires a 
combination of quantum and classical 
methods. One can benefit, however, from 
simple or more involved phenomenologi- 
cal descriptions of the interface. 

In this chapter we will focus on charge- 
able interfaces: metal- LE interface and 
ITIES. Although similar in concepts and 


methods, the extensive research area of 
semiconductor/electrolyte and metal/SE 
interfaces will not be considered here. 
We will start with phenomenology, and 
then move, where possible, to a micro- 
scopic theory and simulations. Without a 
solid phenomenological basis one may risk 
calculating things from the scratch many 
times, whereas the calculation of one pa- 
rameter of the phenomenological theory 
might be all that is actually needed from a 
microscopic model! On the other hand, the 
phenomenology often receives its justifica- 
tion and validity criteria from microscopic 
theories. 

2 . 1.2 

Basic Concepts 

Electrified interfaces represent the princi- 
pal object of “interfacial electrochemistry”. 
Various aspects of this area are described 
in monographs and textbooks on this 
subject [1-11]. A brief outline of this in- 
formation is given in the following text. 

Electrified interfaces represent a spe- 
cific quasi two-dimensional object in the 
vicinity of the geometrical boundary of 
two phases containing, in general, mo- 
bile electronic and/or ionic charges, and, 
correspondingly, an electric-field distribu- 
tion generated by these charges. Practically 
at least one of these media in contact is 
conducting, while the second one may 
be either a conductor of another kind 
(metal-electrolyte interface, semiconduc- 
tor-electrolyte interface), or of the same 
kind (interface of two immiscible elec- 
trolytes), or an insulator. As important 
exceptions, one can point out pure sol- 
vent/air or pure solvent/insulator (e.g. 
silica-water) boundaries where a signifi- 
cant potential drop may be created by the 
formation of a dipole layer, without the 
generation of a space-charge region. 



The simplest example is given by the 
free metal surface. Owing to the Pauli 
principle the metal electrons at the highest 
occupation levels possess a significant 
kinetic energy so that their density extends 
outside the ionic skeleton of the electrode. 
It results in the formation of a structure 
characteristic for numerous electrified 
interfaces; two oppositely charged spatial 
regions (with zero overall charge), this time 
a positively charged region inside the ion 
skeleton due to the depletion of electrons 
and a negatively charged region formed 
by “the electronic tail”. Because of this 
“nanocondenser”, the bulk metal has got 
a high positive potential of several Volts 
with respect to the vacuum. This manifests 
itself in the value of the electron work 
function the work needed to withdraw 
an electron from the metal across its 
uncharged surface. 

A more complicated example is provided 
by the contact of two electronic conductors, 
metals or semiconductors. At equilibrium 
the electrochemical potentials of electrons 
(i.e. their Fermi energies) must be equal 
in both bulk phases. The Galvani potential 
difference between them is determined by 
the bulk properties of the media in contact, 
i.e. by the difference between the chemical 
potentials of electrons: 

,,m 1 _ ,, m2 

A^? ml / m2 = ^ ( 1 ) 
e 

where e is the elementary charge, since 
the right-hand-side terms are constant, one 
cannot change the interfacial Galvani po- 
tential in equilibrium conditions without 
changing the chemical composition of the 
phases. The difference between the bulk 
potentials required by Eq. (1) has to be es- 
tablished by the formation of an “electrical 
double layer” (EDL) owing to the electron 
exchange between the surface layers of the 
phases. Finally, one of the surface layers 
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acquires an extra electronic charge, while 
the adjacent layer of another phase con- 
tains an excessive positive charge formed 
by the uncompensated ionic skeleton. The 
thickness of each charged layer depends 
on the screening properties of the corre- 
sponding medium (their Thomas -Fermi 
or Debye screening lengths) so that the 
whole space-charge region is very thin for 
a contact of two metals (within 0.1 nm), 
while it may be much more extended in 
the case of semiconductors, depending on 
their bulk properties. 

In all cases such interfaces are non- 
polarizable, since the only way to change 
the interfacial potential difference is to 
modify the bulk properties of the phase(s), 
for example, the degree of doping or 
stoichiometry for semiconductors. 

Analogous ionic systems are represented 
by a contact of two electrolyte solutions in 
immiscible liquids, which contain a com- 
mon ion. Owing to its interfacial exchange 
the electrochemical potential of this ion is 
to be constant throughout the system, and 
it leads again to a relation for the interfa- 
cial potential difference similar to Eq. (1) 
(called Donnan equation this time), that is, 
the interface is nonpolarizable without a 
change of the bulk media properties. 

The same process of interfacial ion ex- 
change determines the potential difference 
for other ion conductors, like membranes 
or SEs. The existence of this potential dif- 
ference again leads to the formation of the 
EDL, but this time it is formed by exces- 
sive ionic charges in the surface layers of 
both solutions. Since this EDL is created 
by the ion transfer across the interface, 
without charge transport across the bulk 
media, the Donnan potential drop corre- 
sponding to the composition of the phases 
is established very rapidly. 

Similar to the contact of two elec- 
tronic conductors, the imposition of a 
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nonequilibrium potential difference bet- being primarily dependent on the solvent 
ween two ion conductors (having a com- properties. 

mon ion) from the external circuit results The principal object of electrochemical 
in a dc current passage. Subsequent pro- interest is given by another type of elec- 
cesses depend on the type of electrode trifled interface, contacts of an electronic 
reactions at the reversible electrodes im- (liquid or solid metal, semiconductor) and 
mersed into the ion-conducting phases. If an ionic (liquid solution, SEs, membranes, 
both reactions generate or consume the etc) conductor. For numerous contacts of 
same exchangeable ion, even a long-term this kind, one can ensure such ionic corn- 
realization of the process does not change position of the latter that there is practically 
the bulk composition of the phases. In no dc current across the interface within a 
the case of the electrode reactions gener- certain interval of the externally applied 
ating or consuming different species, the potential. Within this potential interval 
longtime application of this potential dif- the system is close to the model of an 
ference will lead to electrolysis, that is, to ideally polarizable interface ; the change of 
the gradual change of the composition of the potential is accompanied by the relax- 
the bulk phases . The latter is accompanied ation current across the external circuit and 
by the change of the equilibrium values the bulk media that vanishes after a cer- 
of all interfacial potential drops (between tain period. For sufficiently small potential 
ion conductors and at both reversible elec- changes, d E, the ratio of the integrated 
trodes), with the approach to a different relaxation current, d Q, to d E is indepen- 
equilibrium potential difference. dent of the amplitude and it determines the 

The contact of solutions that possess principal electrochemical characteristics of 
more than one common ion, in particular the interface, its differential capacitance 
all contacts of solutions with identical per unit surface area, C : 
or miscible solvents, exhibits a more , 

complicated phenomenon. At the initial C = S -1 — — (2) 

stage, all exchangeable ions are transferred ^ 

across the boundary generating a long- S being the surface area. Its value can 

living nonequilibrium structure, “liquid be measured for each potential within the 

junction (LJ)”, which retains its “diffusion ideal polarizability interval, and it varies 
potential difference” for an extended time, generally as a function of this potential 
despite the absence of the thermodynamic as well as of the nature of the electrode 
equilibrium (different compositions) bet- and the solution composition. The EDL 
ween the interphase and two bulk phases, for such systems contains an excess 
If the solutions in contact have the same (positive or negative) electronic charge 
solvent, this potential drop is usually at the electrode surface and the ionic 
relatively small, mostly within a few countercharge at the solution side. The 
dozen mV or less (but it may sometimes possibility to freely change the interfacial 

reach a much larger value for dilute potential difference implies a qualitative 

solutions even in the same solvent), analogy to a condenser whose separated 
Elaborated procedures for its calculation charge is directly related to the above- 
as a function of the solutions’ composition mentioned quantity, d Q. 
exist [12]. For nonidentical solvents, this This simple picture gives a reasonable 
potential difference may be much larger, idealization of the interface in the case of 



when the electronic and ionic charges of 
the EDL are separated by a layer of the 
solvent molecules, as it is in the case of a 
“surface-inactive electrolyte” discussed in 
the following text. The specific adsorption 
of the ionic-solution components, that is, 
their significant accumulation in the im- 
mediate contact with the metal surface, 
is usually accompanied by the strong re- 
distribution of the electronic charge near 
each adsorbed species. As a result they 
may possess a much lower charge, com- 
pared to the one in the bulk solution 
(it is termed as adsorption with a par- 
tial or complete charge transfer). Under 
these conditions the charge d Q supplied 
via the external circuit is not equal to the 
change of the “free electronic charge” dis- 
tributed along the surface of the metal. 
Such “perfectly polarizable electrodes” re- 
quire a more elaborated description; see 
Chapter 3.1 of this book [13]. 

At approaching the limits of the ideal- 
polarizability interval, the rate of faradaic 
processes at the interface increases rapidly 
(discharge of the solvent or solute compo- 
nents), with a dc current passing through 
the system. 

The existence of this “ideal-polariz- 
ability” range of potentials is of great 
practical importance, since it allows one 
to study an individual faradaic process of 
the added electroactive species in the pres- 
ence of the background electrolyte, whose 
presence provides important advantages 
(diminished Ohmic potential drop, rapid 
charging of the EDL, etc). 

A specific type of the electrified interface 
is given by the contact of an insulating 
phase with electrolyte solutions. Since the 
charged species cannot cross the insulator, 
the EDL formation originates from the ion- 
ization process of surface groups (most fre- 
quently, the proton-based dissociation or 
association) or/and the adsorption of ionic 
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components of the solution. As a result 
the EDL includes this “fixed” charge at the 
surface and the counterions in the solution 
part. For a further discussion, see Ref. [14]. 

Such charged interfaces are typical for 
various ionic or polar solids, for ion 
exchange, lipid or biological membranes, 
or for any insulating surface in the 
presence of amphiphilic solute species. 
Even though one cannot polarize this 
interface from the external source, the 
potential difference and the separated 
charge can change as a function of the 
solution composition, in particular its pH 
and ionic strength. 

In many cases the solvent molecules 
and solutes penetrate into the surface 
layer of the insulator, thus forming a “gel 
layer” composed of the components of 
both phases. Its thickness is sometimes 
significant. Then the charge distribution 
across such interphase is quite different 
from the simple “condenser” idealization, 
in particular the overall potential differ- 
ence between the bulk phases is composed 
of two contributions for the insulator- gel 
layer and gel layer-solution interfaces, 
with a plateau between them, if the gel 
layer is sufficiently thick [15]. 

This two-step profile of the potential 
across the interphase is also characteris- 
tic for certain types of modified electrodes in 
which the metal surface is coated with a 
film, whose thickness significantly exceeds 
the atomic scale. Such systems represent 
a much more complicated type of electri- 
fied interfaces, since the distribution of 
charged species depends crucially on the 
specific properties of the film. In most 
cases of sufficiently thick films, the pro- 
file of the Galvani potential across the 
interphase possesses a plateau inside the 
bulk film separating two potential drops 
at its interfaces with the electrode and the 
solution [16]. 
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Traditionally, special attention in 
electrochemistry has been paid to the 
metal -solution interfaces. The interfacial 
potential drop and the corresponding 
electrode charge within the interval of the 
ideal polarizability can be regulated by the 
imposed external voltage. The change of 
this voltage requires a supply of extra 
electron and ion charges to both sides 
of the interface across the corresponding 
bulk media. This charging process is 
mostly limited by the transport in the 
solution (as well as inside the electrode 
in certain cases), since the relaxation 
time inside the interfacial region itself 
( Debye -Falkenhagen time determined by 
the double-layer thickness and the ion- 
diffusion coefficient, L^/D) is extremely 
short. Generally the current distribution 
along the electrode surface is nonuniform 
due to geometrical reasons (shape and 
positions of electrodes), hydrodynamic 
structure, electrode surface properties, and 
so on. If the effect of these factors is 
sufficiently small, the charging process 
can be described by a simple RC circuit 
composed of the Ohmic resistance of the 
solution and the interfacial capacitance 
(multiplied by the surface area, S) defined 
in Eq. (2). This result is widely used 
for the measurement of this important 
interfacial characteristic, with the use 
of chronoamperometry or electrochemical 
impedance. 

For liquid metals (mercury, gallium) or 
their alloys, one can measure another in- 
terfacial quantity, interfacial tension equal 
to the specific energy of the interface 
formation, y, at different values of the elec- 
trode potential, E [1, 17]. At equilibrium 
the Lippmann equation relates it to the 
electrode-charge density a , that is, to the 
charge Q in Eq. (2) per unit surface area: 


This equation enables one to completely 
determine the charge-potential relation. 
Moreover, the knowledge of the interfa- 
cial tension-potential curves for various 
electrolyte concentrations enables one to 
find all other equilibrium characteristics 
of the interface, without any additional 
measurements, see the following text. 

However, this electrocapillary approach 
to the interfacial properties is actually less 
popular than the one based on capaci- 
tance curves, because the latter has been 
more developed instrumentally and can 
also be used in the case of solid elec- 
trodes. Furthermore, it does not require a 
graphical/numerical differentiation of the 
experimental curve, which is related to an 
increase of the measurement errors. 

Within the latter method, the charge- 
potential relation is obtained by the 
numerical integration of capacitance data 
for various potentials, according to Eq. (2). 
The difficulty of this treatment is to find 
the integration constant, that is, the value 
of the charge for some potential must be 
known. 

For liquid electrodes, one can directly 
measure the potential of zero charge 
(p.z.c.), E c r = o, with the use of an open- 
circuit streaming electrode. Then the 
charge Q for any potential E is ob- 
tained by integration of the capacitance 
curve, C(E), from E a= o to E. For solid 
electrodes, the experimental p.z.c. determi- 
nation represents a serious problem since 
only indirect methods are available [18, 

19] . Moreover, the very definition of this 
important characteristics is ambiguous in 
this case because of the crystallographic 
inhomogeneity of the solid surfaces (ex- 
cept for perfect single-crystal faces), a 
time-variation of their properties and the 
adsorption of the solution components 
with the partial charge transfer, see [13, 

20] for a further discussion. For systems 



in which these complications are assumed 
to be not especially important, the most 
popular method of the p.z.c. determina- 
tion is to measure capacitance curves for a 
series of dilute concentrations of an elec- 
trolyte, which is not adsorbed specifically. 
If the capacitance minimum is observed 
at about the same potential and the mini- 
mum depth increases monotonously with 
diluting the solution, then this potential of 
the minimum is identified to E a= o (for 
symmetrical electrolytes). A more thor- 
ough analysis includes the treatment of 
the whole capacitance curves in accordance 
with the Grahame theory, see the follow- 
ing text. As soon as the p.z.c. value has 
been determined, one can calculate the 
charge-potential curves similar to the case 
of liquid electrodes. The transition to the 
charge density, o , requires the knowledge 
of the real surface area, A. For liquid elec- 
trodes, the latter can be identified with the 
geometrical area, while its determination 
is much more complicated in the case of a 
solid surface [21, 22], see Sect. 2.1.6. 

2.1.3 

Thermodynamics of Electrified Interfaces 

In the aforementioned discussion of 
Eqs. (2) and (3), the solution composition 
was considered to be fixed. A compari- 
son of the data for different electrolyte 
concentrations opens a way to extract 
extensive additional information on the 
interfacial properties on the basis of the 
Gibbs thermodynamics. To exploit this 
possibility one has to deal with elec- 
trode potentials (instead of the Galvani 
potential). This quantity is defined as the 
voltage between the working electrode and 
the reference electrode immersed to the 
same solution and reversible with re- 
spect to one of its ionic components, 
for example, E± for such cation- or 
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anion-reversible electrodes in the case 
of a binary electrolyte solution, IVFA - ^. 
Then the electrocapillary equation gives 
a relation of the above-mentioned quanti- 
ties to the chemical potential of the salt, 

/x = /x + + /x_, and the Gibbs adsorptions 
of cations or anions, T±: 

d y = — cr dfs + — T_ d/x 

= -or dE- - T+ d/x (4) 


Hence, 



( 5 ) 

It means that the knowledge of the inter- 
facial tension as a function of any electrode 
potential and the chemical potential of the 
electrolyte, that is, of its concentration, 
enables one to determine all other interfa- 
cial quantities by differentiation (Eqs. (3) 
and (5)). 

It is often more useful to choose another 
electric variable, electrode charge (density) 
a instead of electrode potentials. Then, 
one needs to make a transition to the 
interfacial pressures (dependent on the 
aforementioned choice of the reference 
electrode): 

%± = Y + aE ± ( 6 ) 

for which 

d§+ = E + do — T_ d/x, 

d£_ = E- do - T+ d/x (7) 

One by one, the coefficients in these 
relations may be represented as functions 
of the same variables, o and /x: 

dE + = c~ 1 do 

Zi<? 

dE- = C~ 1 d or + C /s — (8a) 

zte 
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dr + = 
dr_ = 


_ f m/ s da +c 


_ t m/ S ~ L + c -r~ (gb) 

z\e zfe z 


Zie 

da 


d/x 

i l ~n' 

zfe z 

d/x 


Because of the general relations: 

, a = Zie(T_ - r+) 
(9) 

the differentials (8a, 8b) contain only three 
independent characteristics of the inter- 
face, each of them providing important 
information on its structure [23-25]. C is 
the interfacial capacitance per unit surface 
area, see Eq. (2); t^ s = 1 — are the 
“interfacial numbers of cations and an- 
ions”: they show which fraction of the 
electrode charge variation, der, is com- 
pensated by the corresponding ion (at a 
constant solution composition) 


/s = da+^ r m/s = 9a- (10) 

da da 

a± = ± 4 ;gr± are the partial ion charges 
inside the EDL; alternatively, one can 
use partial cation and anion capacitances 
related to the contributions of these 
ions into the change of the whole ion 
countercharge: 


£,m/s _ f m / s £ _ 9 g + 

+ “ + dE ’ 

„m/s _ m/s.-, _ 

“ “ “ dE ’ 

(/x = constant, E = E + or £_) (11) 


C fl = z\e 2 dT±/d /x at constant electrode 
charge, see the discussion in the follow- 
ing text. 

One should emphasize that all these 
quantities represent equilibrium charac- 
teristics of the interface, and the afore- 
mentioned identities allow one to calculate 


the others if the charge vs. potential de- 
pendence has been found for different 
electrolyte concentrations [24]. However, 
this procedure based on integration of 
f™/ s = z,\edE + /dji over the charge to de- 
termine the Gibbs adsorptions of ions, 
r±, requires to know an “integration con- 
stant”, that is, the values of F± as a 
function of the electrolyte concentration 
for some electrode charge, for example, 
a = 0. The slope of the latter dependence 
is directly related to the aforementioned 
parameter C /t . 

Such information (supplementary to ca- 
pacitance data) may be obtained from 
electrocapillary experiments. According to 
Eq. (3), the interfacial tension, y, passes 
the maximum at the p.z.c. as a function 
of the potential (at a fixed concentration). 
In dilute solutions this maximum value 
of y for the Hg-water interface is al- 
most independent of the concentration 
of the “surface-inactive electrolyte” (see 
following text). The data for more concen- 
trated solutions recalculated with the use 
of Eq. (5) show a linear dependence on the 
bulk concentration, c: 


r± = -ZHC (12) 


where the factor, zh, is within 0.2- 
0.4 nm [26, 27]. 

For the interpretation of this finding, 
one must recollect that the Gibbs adsorp- 
tion represents an integrated difference of 
the actual concentration profile for this 
species across the interface, and the “un- 
perturbed” one in which the concentration 
is equal to the bulk value up to the Gibbs 
plane and zero beyond it. The position of 
the Gibbs adsorption plane is chosen here 
from the condition of the zero adsorption 
of the solvent. 

Since the electrolyte concentration in the 
above-mentioned experiments was not too 



high (less than or about a mole per liter), 
the Gibbs plane is sufficiently close to the 
physical boundary between the metal and 
the adjacent solvent layer. Then the above 
negative values of ion Gibbs adsorptions at 
the p.z.c. and the linear slope in Eq. (11) 
points to the existence of an ion-free layer 
of the solvent near the metal surface, that 
is, a compact layer, the existence of which 
has been postulated long before these 
experiments. The factor in this relation, 
Zh, corresponds to its thickness, that is, 
to the distance of the closest approach of 
the centers of nonadsorbing ionic species 
to the metal surface, compared with the 
similar quantity for the solvent (Gibbs 
adsorption plane). 

Surprisingly this important experimen- 
tal information on the properties of the 
compact layer has been ignored in mod- 
ern microscopic theories of the interfacial 
structure, while the thickness of the ion- 
free layer at the electrode surface could be 
calculated on the basis of the distribution 
functions for the solvent and ions. 

Effects of the interfacial charging are of 
importance in various kinetic phenomena, 
in particular in the ion transport. The 
simplified treatment assumes that these 
effects can be adequately described by 
a single parameter, the capacitance C. 
However, the passage of a nonstationary 
current is accompanied by the time- 
variation of the electrolyte concentration 
outside the EDL region, and it must 
give an additional contribution to the 
change of the interfacial potential, Eq. (8a). 
Besides, there is generally an imbalance 
between the partial ion fluxes inside the 
diffusion layer and the time derivatives of 
the corresponding partial ionic charges, 
<r±, Eq. (10). These factors result in the 
dependence of the nonstationary response 
of the system on all three interfacial 
parameters, C, f + m / s and C^. 
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Interfacial thermodynamics has become 
one of the bases of the theory of the electro- 
chemical phenomena determined by the 
charge transport, in particular in mod- 
eling the electrochemical impedance [25, 

28], The analysis of the results obtained 
within the framework of this approach 
has shown that for transport processes 
under usual electrochemical conditions, 
the characteristic timescales of the interfa- 
cial charging and of the diffusion process 
are well separated, and one can use a 
simplified treatment in which the inter- 
facial charging effects are characterized 
by a single parameter, C. In particular, 
the relaxation after a potential step or the 
impedance in the proper frequency range 
may be represented as an in-series com- 
bination of the solution resistance and 
the interfacial capacitance. On the other 
hand, the interfacial contribution into the 
impedance arising from the perturbation 
of the electrolyte concentration outside of 
the EDL becomes essential for thin-layer 
systems in which the characteristic fre- 
quencies are overlapping or insufficiently 
separated. 

2.1.4 

Classical Models of Electrified Interfaces 

2. 1.4.1 Helmholtz Model 

The thermodynamic treatment does not 
allow one to extract more detailed infor- 
mation on the interfacial structure. The 
already discussed experimental results for 
the ion-free solvent layer may be consid- 
ered as an illustration of the simplest de- 
scription of the interface in the Helmholtz 
model. The latter postulates two charged 
planes containing the extra electrons and 
the counterions, which are separated by 
a solvent (“compact”) layer having thick- 
ness zh, that is, the system represents 
a nanocondenser. Then the ratio of the 
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electronic charge density at the electrode, 
a = Q/S, and the interfacial potential dif- 
ference, A (p m / s , gives the integral EDL 
(interfacial) capacitance (per unit surface 
area): 

Kh = — (13) 

<PH 

where 

m = A<p m / S - A<p m/s CT= o; 

A ip m/s = E + A <p ref (14) 

Here, A <p ref is the potential drop at the ref- 
erence electrode. Another constant term, 
Aip m / s a -o, corresponds to the potential 
drop at the p.z.c. In the contemporary in- 
terpretation, its nonzero value is attributed 
to the potential variation inside the surface 
layer of the metal (affected by the adjacent 
solvent molecules) as well as to the polar- 
ization of the solvent layer, see Sect. 2.2. 
Equation (13) may also be rewritten as: 

, T4— ir‘ 

^ da ^ \K H (a)J 

c H = 1 , C H = j 

Cupn der 

(15) 

containing the differential capacitance of 
the Helmholtz layer. 

Equations (13) — (15) reproduce qualita- 
tively the experimental findings for suffi- 
ciently concentrated solutions of surface- 
inactive electrolytes. In accordance with 
expectations, the capacitance values and 
their dependence on the interfacial poten- 
tial are characteristic for each particular 
metal/solvent contact. One also observes a 
noticeable (sometimes, even strong) varia- 
tion of the capacitance with the electrode 
charge. Equation (13) predicts a distorted 
(due to the dependence of Ku on a) 
parabolic shape for y (£), with a maximum 
at p.z.c., see Eq. (3), also in conformity with 
experimental observations. 


In electrochemical kinetics, this model 
corresponds to the Butler-Volmer equa- 
tion widely used for the electrode reaction 
rate. The latter postulates an exponential 
(Tafel) dependence of both partial faradaic 
currents, anodic and cathodic, on the over- 
all interfacial potential difference. This 
assumption can be rationalized if the elec- 
tron transfer (ET) takes place between the 
electrode and the reactant separated by 
the above-mentioned compact layer, that 
is, across the whole area of the poten- 
tial variation within the framework of the 
Helmholtz model. An additional hypothe- 
sis is the absence of a strong variation of the 
“electronic transmission coefficient’’, for 
example, in the case of adiabatic reactions. 

The fundamental drawback of the classi- 
cal Helmholtz picture is its inability to 
provide any explanation for the depen- 
dence of the electrode charge (or of the 
capacitance) on the electrolyte concentra- 
tion, which is observed experimentally in 
sufficiently dilute solutions. Besides, there 
is a large group of electrolcinetic phe- 
nomena that demonstrate a much greater 
extension of the EDL than it is assumed 
in the Helmholtz condenser model (see 
Sect. 5.4). 

2.1 .4.2 Gouy-Chapman-Stern-Grahame 
Model 

Gouy [29] and Chapman [30] indepen- 
dently proposed an alternative treatment. 
It is based on an analytical solution of 
the nonlinear Poisson-Boltzmann equa- 
tion for the electric potential created by 
a system of mobile point charges near a 
charged wall imitating an electrode sur- 
face. However, in the original form of 
this theory, most of its predictions were 
at variance with experimental data. 

The situation changed radically after 
the suggestion of Stern [31] to combine 
the two approaches by Helmholtz and 



Gouy-Chapman (GC), that is, to consider 
the whole interphase as consisting of 
two layers, a compact (or “inner” or 
“Helmholtz”) and a “diffuse” one. The 
former corresponds to the aforementioned 
hypothesis of an ion-free layer of the 
solvent at the metal surface. The diffuse 
layer is located between the compact one 
and the bulk solution and the whole 
counterion charge is distributed inside this 
region in accordance with the GC theory. 

The version of this theory, which is ac- 
tually used in interpretation of all data for 
surface-inactive electrolytes, was proposed 
by Grahame [32]. The total potential drop 
across the interface is written as a sum 
of the compact- and diffuse-layer contribu- 
tions: 

A (p m/s = E + A <p ref = <ph(<t) T <pgc(<T c) 


(16) 

where both terms depend on the electrode 
charge density, a , while only the second 
term depends on concentration c. The 
latter corresponds to the GC theory, for 
example, in the solution of a symmetrical 
single-charge electrolyte: 



Here, 


2ttLbTd 

„2 


L D 


1 


8ttLbc 


1/2 


Lb = 


ek%T 


(18) 


s is the bulk solvent dielectric constant, k% 
the Boltzmann constant, Ld is the Debye 
screening length of the electrolyte solution 
and Lb is the Bjerrum length. 

Division of each term in Eq. (16) by 
a relates the integral capacitance of the 
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whole interface, K = cr/(E — E a ~o), to 
those of the compact and diffuse layers, 

K h in Eq. (13) and K GC = a/tp GC (a, c ): 

K~ l = K n ~ l + KgcT 1 (19) 


Differentiation of Eq. (16) gives a similar 
relation for the corresponding differential 
capacitances: 

C” 1 = C H _1 + Cgc -1 (20) 


see Eqs. (2) and (15). 


Cgc(<t, c) 


dcr 
d^GC 
x [er 2 



+ (cr*) 2 ] 1/2 


(21a) 


For aqueous solutions at room tempera- 
ture 


C GC (<t, c) = 19.46[cr 2 + 137.8 c ] 1/2 

(21b) 

where Cgc is in units of pFcm“ 2 , a in 
pCcm -2 , and c in M. In particular, at 
the p.z.c. 

C GC (0,c) = 228.5 c 1/2 (21c) 


One can rewrite Eqs. (17) and (21a) to 
represent the charge and the capacitance 
as a function of the potential drop within 
the diffuse layer, <p G c'- 


a = a* sinh 


/ e<PGc\ 

\2k^f) 


Cgc 


s 

47tLd 


cosh 


/ e<PGc \ 
\2k B Tj 


(22) 


However, these widely quoted formulas 
are useless for real treatment of capaci- 
tance data since the potential drop, <p G c, 
is unknown. Therefore in order to apply 
Eqs. (20) and (21a), one must first find 
the charge -potential relations for all the 
available solution compositions. 

The key feature of Grahame’s approach, 
which determines its success in interpre- 
tation of experimental data, is its semi- 
phenomenological character. It postulates 
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that the compact (Helmholtz)-layer capac- 
itance, C h, is independent of the concen- 
tration of the “surface-inactive electrolyte” 
(which does not penetrate noticeably into 
the compact layer) but avoids to accept a 
model hypothesis on its dependence on 
the electrode charge, Ch(u), that is, the 
latter is to be determined from experimen- 
tal data. On the contrary, the properties of 
the diffuse layer are completely defined by 
Eqs. (17) and (21a), without any unknown 
parameter. 

The ratio of the two contributions in 
Eq. (20) depends on the values of the 
electrode charge and the electrolyte con- 
centration, as well as on the particular type 
of the media in contact. The diffuse-layer 
capacitance, Eqs. (21a) and (21b), is grow- 
ing with the increase of the absolute value 
of the charge and with the concentration. 
Besides, it becomes almost independent of 
the concentration far from p.z.c. Near this 
point, a = 0, the diffuse-layer capacitance 
shows a minimum, which is becoming 
progressively deeper at diluting the solu- 
tion: Cgc(0, c) = 228 pF cm -2 for c = 1 M 
but only 7.2 pF cm' 2 for 0.001 M aque- 
ous solution of a 1,-1 electrolyte. The 
compact-layer capacitance, Ch, is within 
20-60 pF cm -2 for most “mercury-like” 
metals (Hg, Pb, In, Cd, Bi, Sb, etc) in 
aqueous and nonaqueous solutions, with 
much greater values for some other sys- 
tems, such as Ag and Au single-crystal 
faces, up to 100- 150 pF cm -2 near p.z.c. 

As a result, for sufficiently concentrated 
solutions, about 1 M or higher, the diffuse- 
layer contribution in Eq. (20) represents 
in most cases only a minor correction to 
the compact-layer term. Then, one can 
even use the simple Helmholtz model 
for qualitative interpretation of the data. 
In particular, far from the p.z.c., this 
approximation is acceptable for all con- 
centrations. On the contrary, the diffuse 


layer determines the shape of the capac- 
itance curves in dilute solutions near the 
p.z.c. where the theory predicts a pro- 
found minimum whose depth increases 
with diminishing the electrolyte concen- 
tration. The minimum is usually well 
developed to about 0.01 M concentrations 
while in systems with a high hump of 
Ch(ct) near a = 0 (such as for Ag or 
Au single-crystal faces) a deep diffuse- 
layer minimum should already appear 
at 0.1 M. All these qualitative predictions 
of the Gouy-Chapman-Stern-Grahame 
(GCSG) theory are in line with exten- 
sive experimental information for numer- 
ous metal -solution interfaces for surface- 
inactive electrolytes (i.e. for systems with- 
out specific adsorption of solute species, 
see following text) [22, 33, 34]. 

2.1.5 

Diffuse and Compact Layer Properties 

2. 1.5.1 Grahame Model in Comparison 
with Capacitance Data for Liquid Electrodes 

Let us now discuss how to verify this 
theory quantitatively as well as to extract 
the information on the interfacial structure 
with the use of the data for the Hg/H 20 - 
NaF system [35, 36] as an illustration. The 
measured capacitance curves for several 
electrolyte concentrations are presented in 
Fig. 1. One can notice the expected diffuse- 
layer minimum for dilute solutions but the 
whole shape of the curves is sufficiently 
complicated, in particular within the range 
of negative potentials. 

The streaming electrode measurements 
show a constancy of the p.z.c. value, E a= o, 
for different concentrations, which is con- 
sidered as the necessary condition for the 
absence of a specific ionic adsorption. 
In this case one can obtain the charge- 
potential relations for all concentrations 
by the integration of the corresponding 
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Fig. 1 Experimental capacitance curves for the mercury electrode in 
aqueous solutions of NaF. Concentrations: 0.916 M (1),0.1 M (2), 
0.01 M (3), 0.001 M (4) [35, 36], 


capacitance curve, that is, one plots the 
capacitance versus the charge for all con- 
centrations as in Fig. 2. These curves retain 
the diffuse-layer minimum at low concen- 
trations but their behavior at high electrode 
charges has been strongly simplified, in 
particular all curves are practically identi- 
cal at high negative charges. 

Any justified comparison of measured 
data with theoretical predictions must take 
into account the experimental accuracy. 
However, the resulting error bars appear 
to depend strongly on the choice of 
the coordinate system, used for this 
treatment. In order to demonstrate the 
latter, let us assume for simplicity that 
the measured capacitance data in Fig. 1 
have got the precision of ±0.1 pF cm -2 for 
two highest concentrations, ±0.2 pF cm -2 
for the 0.01 M solution, and ±0.5 pF cm -2 
for 0.001 M, within the whole potential 
interval (in real measurements at low 
frequencies the dispersion also depends 


on the electrode charge and it may be 
even greater for millimolar solutions). The 
corresponding ranges of the dispersion are 
shown in Fig. 2 for two dilute solutions. 
Even though the initial dispersion in Fig. 1 
was independent of the potential, the 
errors in Fig. 2 turned out to be markedly 
varying as a function of the electrode 
charge. They are close to those of the 
corresponding C(E) curves at the zero 
charge and near the cathodic minimum. 
Then the errors are slightly enhanced at 
the dropping part of the cathodic branch, 
but they are several times smaller at lower 
electrode charges, where the capacitance 
varies very rapidly. The latter effect is due 
to a correlation of errors in the capacitance 
and the charge within this interval. It 
implies that even a considerable deviation 
between the theoretical prediction and 
experimental data in the initial C(E) 
curves within this potential range may look 
rather small in the coordinates of Fig. 2. 
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Fig. 2 Capacitance versus electrode charge curves for the mercury 
electrode in aqueous NaF solutions recalculated from the data in 
Fig. 1 . The error bars were calculated from those in the capacitance 
versus potential curves (Fig. 1) that were assumed to have the 
precision of ±0.1 pF cm -2 for the two highest concentrations, 

±0.2 pF cm“ 2 for the 0.01 M solution and ±0.5 pF cm -2 for 0.001 M, 
within the whole potential interval, as it is discussed in the text. 


If one relies on the validity of the GC 
model for the diffuse-layer properties, one 
can use Eq. (20) to calculate the values of 
the compact-layer capacitance, Ch, from 
experimental data for C and theoretical 
formula (21a) for Cgc- This operation 
performed for all available values of the 
charge and the electrolyte concentration 
results in Fig. 3, in which the effect of the 
experimental dispersion is shown again 
for two dilute solutions. 

According to Grahame’s hypothesis, 
these curves for different concentrations 
should be coincident. One can notice 
first of all its brilliant confirmation in 
Fig. 3 for the two highest concentrations; 
a deviation is only seen at high positive 
charges, above 10 pC cm -2 . The proximity 
of the compact-layer capacitance curves 
is even more impressive for the 0.1 M 
and 0.01 M solutions, whose difference is 


inside the experimental error dispersion 
over the whole range of the electrode 
charges. This comparison enables one 
to conclude that the deviation of the 
data for the highest concentration at 
high positive charges is probably due to 
the violation of some assumption of the 
model, for example, dissolution of mercury 
or specific adsorption of cations. The 
concentration dependence of the diffuse- 
layer capacitance is probably too weak to 
explain this divergence, see in following 
text, even if the GC theory may be 
inapplicable quantitatively. 

The curve for 0.01 M also demonstrates 
a marked increase of the experimental 
dispersion near the zero charge. This 
effect is even more pronounced for the 
0.001 M solution in which the dispersion 
does not exceed ±0.8pFcm -2 , except for 
the range of very small charges where the 
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Fig. 3 Compact-layer capacitance versus electrode charge curves, 
Ch(<t), for mercury electrode in aqueous NaF solutions calculated 
from the data in Fig. 2 with the use of Eqs. (20) and (21 a), for each 
electrolyte concentration, 0.91 6 M (V), 0.1 M (A), 0.01 M (solid line in 
Fig. 3a) and 0.001 M (solid line in Fig. 3b). Solid lines for lower 
concentrations were obtained with the use of the error bars in Fig. 2 for 
the corresponding curves. The error bars are small at the two higher 
concentrations and are not shown. 


uncertainty in the Ch value is enormous. It 
means that the capacitance data for dilute 
solutions cannot be used immediately to 
determine the Ch value at zero electrode 


charge, since it is too sensitive even to 
small experimental errors. On the other 
hand, assuming that the compact-layer 
capacitance is a smooth function of the 
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charge, one can interpolate its values for 
positive and negative charges, to obtain 
Cr( 0) for a dilute solution. Such a 
procedure in Fig. 3 results in the same 
value, about 29 pF cm -2 , for this quantity 
as for the other concentrations. 

The curve for the 0.001 M solution de- 
viates downward noticeably for moderate 
positive and negative charges. The most 
probable reason is the increase of exper- 
imental errors for such dilute solution 
related to the current passage across the 
solution. 

An alternative and the most commonly 
used way to verify the Grahame model is 
based on Parsons-Zobel (PZ) plots [37], 
in which the inverse values of the exper- 
imentally measured capacitance, C -1 , are 
shown as a function of the inverse diffuse- 
layer capacitance given by Eq. (21a). The 



Fig. 4 Parsons-Zobel plots, C 1 versus Ccc 1 , 
for the mercury electrode in contact with 
aqueous NaF solutions, at several constant 
values of the electrode charge density, a , that are 


theory predicts a linear dependence with a 
unit slope for each value of the electrode 
charge. Such plots for the same experi- 
mental data are shown in Fig. 4, again 
with indication of the error dispersion 
of each point. All lines in the figure 
have the theoretical slope. Their extrap- 
olation to the ordinate axis gives the value 
of C h - 1 for the corresponding electrode 
charge. The PZ method to check the va- 
lidity of the Grahame model is more 
objective (since it suggests verifying the 
linearity of the plots and their slope), es- 
pecially if the experimental dispersion is 
not taken into consideration. However, in 
most publications (especially for solid elec- 
trodes) this method has been used in a 
reduced form, where only the data for 
the p.z.c. are plotted, thus giving only 
Ch (0) . It means that the Grahame theory is 



indicated at each graph (in pCcm“ 2 ): 0 (plot 1), 
+1 (plot 2), +2 (plot 3) in Fig. 4(a), —3 (plot 1), 
—2 (plot 2), —1 (plot 3), +1 (plot 4), +2 (plot 5), 
+3 (plot 6) in Fig. 4(b). 



verified incompletely. Besides, it does not 
immediately give the properties related to 
individual parts of the interface, like the 
C h(o 0 curve for the compact layer, or the 
characteristics of the diffuse layer. 

The latter information may be ex- 
tracted with the use of another coordinate 
system [38], 5C _1 versus a, where SC -1 
is the difference of inverse experimen- 
tal capacitance values for two electrolyte 
concentrations corresponding to the same 
electrode charge: 

SC~ x =\C(a, c 1 )]- 1 -[C(or,c 2 )r 1 

(23a) 

These curves can be plotted immediately 
on the basis of the experimental data 
for C(cr,c) dependencies, see in the 
preceding text. For example, treating 
the data for Hg/H 20 -NaF interface in 
Fig. 2 leads to Fig. 5, in which the three 
lower concentrations, 0.1 M, 0.01 M and 
0.001 M, were used for c\, while C 2 was 
taken each time equal to the maximum 
concentration. The points thus found are 
shown together with the corresponding 
experimental dispersion. 

On the one hand, it is sufficient to accept 
one of the Grahame’s hypotheses, the one 
on the independence of the compact-layer 
capacitance of the electrolyte concentra- 
tion, in order to relate the 5C _1 value 
to the characteristics of the diffuse layer, 
that is, the change of its inverse capac- 
itance [Cdiff(<r, c)] -1 , with concentration, 
at a fixed value of the electrode charge: 

SC- 1 = [Cdifffir, d)]" 1 - [C di ff (er, cz)]" 1 

(23b) 

On the other hand, if we also accept 
the second postulate of the Grahame 
theory, then C d jfffer, c) can be calculated 
with the use of the GC model, Eq. (21a). 
The corresponding theoretical curves are 
also shown in Fig. 5, in comparison with 
experimental ones. 
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Analysis of this figure leads to a 
surprising conclusion. It was accepted 
long ago that the capacitance data could 
only provide valuable information on the 
diffuse-layer properties in a close vicinity 
of the p.z.c., since this part of the in- 
terphase gives a minor contribution to the 
total interfacial capacitance outside this po- 
tential range, even in very dilute solutions. 
However, this reasoning does not take into 
account the very high precision of the ca- 
pacitance measurements, which ensures a 
small dispersion of experimental points in 
Fig. 5 even for high electrode charges. This 
is especially true for the positive branch, 
where the dispersion is much less than 
the value itself. The points in Fig. 5 are 
limited to the range of ±10 pF cm -2 since 
the positive branch above this interval may 
be perturbed by the process of mercury 
dissolution. One should keep in mind 
that these experimental capacitance curves 
could be used to check any theory of the 
diffuse-layer structure within a wide range 
of electrode charges, since the GC model 
has not been used to obtain experimental 
points in these coordinates. 

Figure 5 also demonstrates the results 
of this check for the GC model. One 
can see that it is able to reproduce ade- 
quately the data at the p.z.c. as well as 
within a wide range of the electrode charge, 
for both 0.1 M and 0.01 M solutions. One 
can see a noticeable discrepancy for the 
0.001 M concentration, even for moder- 
ate electrode charges. However, the latter 
has probably a different origin since one 
should hardly expect that the mean-field 
type Poisson-Boltzmann theory fails at 
lower concentrations, while being applica- 
ble for higher ones! 

These results represent a challenge for 
the modern statistical-mechanical theories 
of the interfacial structure, since the 
values of SC -1 in Eq. (23b) could be 
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Fig. 5 Experimental and theoretical versus a curves for mercury/aqueous NaF 
solution [38], see Fig. 2, and the definitions in Eqs. (23a) and (23b). Error bars for the 
experimental curves correspond to those in Fig. 2. 

immediately calculated from the theo- theories, no attempts have been made to 
retically derived ion concentration pro- subject them to the high precision ex- 
files. Although drastic deviations from the perimental verification in accordance with 
GC model have been predicted in these Eq. (23b). 



One should avoid, however, the mis- 
take of interpreting the success of the GC 
passage through this test as its complete 
confirmation, in particular the proof of the 
validity of Eq. (21a) for the diffuse-layer 
capacitance at high electrode charges. In 
reality the theoretical lines in Fig. 5 based 
on this formula demonstrate a weak de- 
pendence of the diffuse-layer capacitance 
on the concentration (except for the p.z.c.), 
especially in dilute solutions (it is the ef- 
fect, which is correctly reproduced by the 
model). However, the dominant part of the 
diffuse-layer capacitance has been cancelled 
(together with the compact-layer contri- 
bution) by the subtraction in Eq. (23b). 
Therefore the data in Fig. 5 cannot give 
any information on the charge dependence 
of the diffuse-layer capacitance far away 
from the p.z.c. 

One has to keep in mind this impossi- 
bility to separate the compact-layer term 
and the concentration independent part of 
the diffuse-layer contribution in Eq. (20) 
at significant electrode charges. It results 
in an uncertainty in the values of the 
compact-layer capacitance, which is of pri- 
mary importance in the modeling of the 
metal-solvent interfacial structure. 

Recently the GC model has been mod- 
ified to take approximately into account 
the screening effects for ions inside the 
diffuse layer [39, 40]. For this goal, the 
electrolyte concentration in the equations 
of the GC model (see previous text) were 
replaced by the electrolyte activity in the 
bulk solution. This treatment can be justi- 
fied from the fundamental principles for a 
low charge density inside the diffuse layer 
(in the vicinity of the p.z.c.). On the other 
hand, the ion screening in this layer at 
high electrode charges is quite different 
compared with the bulk solution. Never- 
theless this modification may extend the 
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range of its applicability to higher ionic 
strengths. 

2. 1.5. 2 Compact Layer Properties 

The exposed variant of the theory has 
been applied to the study of numerous 
metal -solution interfaces, in particular for 
liquid metals, Hg, Ga, and their alloys. 
First of all for a particular metal/solvent 
boundary one has to ensure “no surface 
activity” of the solute components, that 
is, their absence inside the compact layer. 
Experimentally the necessary condition of 
this surface inactivity of an ionic species 
in the vicinity of the p.z.c. (which can 
be measured directly for liquid electrodes) 
is assumed to be the constancy of this 
potential, E a= o, for different electrolyte 
concentrations. Then the data are com- 
pared with the predictions of the Grahame 
model, as an additional check of the surface 
inactivity. 

One should keep in mind that a de- 
tailed analysis has only been carried out for 
the Hg-H 20 -NaF interface (see previous 
text), in which both postulates (concen- 
tration independence of the compact-layer 
properties and the GC model for the dif- 
fuse layer) seem to be confirmed. For some 
other systems, the Grahame treatment was 
applied, to determine the compact-layer ca- 
pacitance curve, Ch(ct), from the data for 
the highest electrolyte concentration and 
to calculate on its basis the “theoretical” 
C(E) curves for more dilute solutions, for 
their comparison with experimental ones, 
without taking into account the experimen- 
tal dispersion. Moreover, in most cases the 
analysis was even reduced to constructing 
the PZ plot for the p.z.c. only. Generally the 
Grahame theory seems to provide at least a 
qualitative description of the results, even 
though certain “anomalies” have been ob- 
served for some systems (e.g. for liquid 
gallium [41]), see [38] for review. 
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Thus-found compact-layer capacitance 
curves turned out to be strongly depen- 
dent on the specific type of the metal (or 
alloy) and the solvent, be it water or a non- 
aqueous medium. On the other hand, the 
curves for different electrodes in contact 
with the same solvent are practically merg- 
ing at high negative potentials (but not at 
positive ones). This experimental fact is 
still waiting for its interpretation. 

The simplest interpretation of the 
compact-layer capacitance is represented 
by the Helmholtz model of the slab filled 
with a dielectric continuum and located 
between a perfect conductor (metal sur- 
face) and “the outer Helmholtz plane” 
considered as the distance of the closest 
approach of surface-inactive ions. Experi- 
mental determination of its thickness, zh, 
may be based on Eq. (12). Moreover, its 
dielectric permittivity, eu, is often con- 
sidered as a constant across the whole 
compact layer. Then its value can be esti- 
mated from the values of the compact-layer 
capacitance, for example, it gives about 6 
or 10 (depending on the choice of zh) 
for mercury- water interface, that is, a 
value that is much lower than the one 
in the bulk water, 80. This diminution 
was interpreted as a consequence of the 
“dielectric saturation” of the solvent in 
contact with the metal surface, its modified 
molecular structure or the effects of spatial 
inhomogeneity. The effective “dielectric 
permittivity” of the compact layer shows 
a complicated dependence on the elec- 
trode charge, which cannot be explained 
by the simple hypothesis of the saturation 
effects on one hand or by the unperturbed 
bulk-solvent nonlocal polarizability on the 
other hand. 

Later studies revealed a more compli- 
cated structure of the compact layer whose 
properties are determined by the distribu- 
tion of the metal electrons and discrete 


solvent molecules (see Sects. 2. 1.7-2. 1.9), 
so that the “continuous dielectric” consid- 
eration alone may become totally mislead- 
ing. In particular, this simplified treatment 
identifies two physically different interfa- 
cial characteristics, the ion-free layer of 
the solvent and the region of a lowered 
dielectric permittivity (compared with the 
bulk-solvent one). The former manifests 
itself in Gibbs adsorption measurements 
of surface-inactive ions, Eq. (12); while the 
latter is related to the spatial correlation 
properties of the solvent polarization, see 
Sect. 2.1.7. 

This distinction can be checked ex- 
perimentally if the measurements are 
performed for different surface-inactive 
electrolytes but for the same electrode 
and solvent. According to the general the- 
ory [42-44] discussed in Sect. 2.1.7, the 
distance of the closest approach, which 
should be noticeably different for these 
electrolytes, has got almost no effect in 
the compact-layer capacitance if the ions 
do not penetrate into the region of the re- 
duced dielectric response near the surface. 
This theoretical prediction turns out to be 
in conformity with experimental data [35, 
37, 45, 46] for three mercury-aqueous so- 
lution interfaces for which the PZ plot 
at the p.z.c. gives practically identical 
values for the compact-layer capacitance, 
C H (0) = 29 pF cm -2 (Fig. 6). 

One should keep in mind that the 
theory predicts some effect of the ion 
properties on the compact-layer capaci- 
tance, which should manifest itself ex- 
perimentally for systems with high val- 
ues of this capacitance. Preliminary data 
for single-crystal faces testify in favor 
of this conclusion, but the theoreti- 
cal relation has not been checked as 
yet. Interpretation of the observed val- 
ues of the compact-layer capacitance 
and its dependence on the electrode 
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Fig. 6 Parsons-Zobel plot at the p.z.c. for mercury electrode in 
contact with various aqueous electrolyte solutions [38]. Capaci- 
tances are given in pF cm“ 2 . Experimental capacitance values: 
NaF(o) [35], NaH 2 P0 4 (□) [37] and Na 2 S0 4 (A, V) [45, 46], 


charge requires a microscopic model of 
the interphase, as discussed in Sects. 
2 . 1 . 8 - 2 . 1 . 10 . 

2.1 .5.3 Manifestations of the Diffuse Layer 
in Kinetics of Electrode Reactions 

The existence of the EDL at an interface 
is of crucial importance for all interfacial 
electrochemical phenomena, in particu- 
lar for the kinetics of electrode reactions. 
In most cases the principal factors influ- 
encing their rate are the overall potential 
difference across the interface (e.g. accord- 
ing to the Butler-Volmer equation for a 
simple ET reaction) and the specific ad- 
sorption of reactants, reaction products or 
intermediates. However, there are impor- 
tant cases in which the diffuse layer plays 
a dominant role [47, 48]. 

In a dilute solution the potential 
difference across the diffuse layer, ipgc, 


attains significant values, being depen- 
dent on both the electrode charge and the 
electrolyte concentration, Eq. (17). Since 
the ET distance between the reactant 
and the electrode does not exceed a few 
angstroms under usual conditions, the 
reacting species must approach the com- 
pact layer or even enter it. Therefore the 
ET rate is only affected by a fraction of 
the overall potential difference, A<p m / S in 
Eq. (16), equal to A yj m / s — i \r\ where 
corresponds to the average potential at the 
point of the reactant localization, z* ■ Be- 
sides, its concentration varies across the 
diffuse layer in accordance with the Boltz- 
mann law. 

Frumkin has combined this reasoning 
with his theory of the slow discharge [49] 
to derive the expression for the rate of 
an electrochemical reaction [50-52], for 
example, for the cathodic component of 
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the faradaic current: 


f' c = neSk°c(z*) 


x exp ^-a(A<p m/s - 
= neSk°c° x exp a(Atp m ^ s — 


ne Zie \ 

k^f 


fi) 

(24) 


Here, n is the number of transferred 
electrons (« > 0), S the surface area, k° c 
the cathodic rate constant, a the ca- 
thodic charge-transfer coefficient, and zi 
the charge valence of the reactant. This 
expression should be modified to take into 
account the adsorption energies of the re- 
actant and the product if the ET takes place 
for a species inside the compact layer [11], 
The value of the coordinate, z* , which 
determines the i/t potential is a priori un- 
known. In most studies it was postulated 
that the ET took place at the species located 
at the outer Helmholtz plane (the bound- 
ary between the compact and diffuse lay- 
ers). Then, x/ri coincides with the potential 
drop within the diffuse layer, (pec, Eq. (17). 

Equation (24) contains an additional 
factor. 


Kf\ = exp ^-(zj - (25) 

compared to the conventional Tafel for- 
mula. In sufficiently concentrated solu- 
tions, for example, in the presence of 
the background electrolyte, the Frumkin 
correction may be neglected. On the con- 
trary, it may radically change the shape 
of the polarization curve in dilute solu- 
tions near p.z.c., depending on the value 
of Zi — otn. This effect originates from the 
linear dependence of the overall (A<p m / S ) 
and diffuse-layer (i/r 1 ) potential drops on 
the electrode charge, a , at small deviations 


from p.z.c., Eqs. (16), (13) and (17). Then 
the ratio of these potentials 


A<p m / S 


Cgc(0, c) 
C H (0) 


(26) 


determined by the ratio of the diffuse and 
compact-layer capacitances at the p.z.c. is 
about 1 (or even close to 1), see Eq. (21a). 

The type of the effect on the polarization 
curve depends also on the sign of the co- 
efficient, zi — an. In most cases this sign 
is determined by the charge valence of the 
reactant, z.\. In the case of the electrore- 
duction of a cation (e.g. for the hydrogen 
evolution or a metal deposition) z.\ > 0, 
and the diffuse-layer factor Kf\ changes 
in the same direction as the Tafel term, exp 
(—a A(p m / S ne / k%T). Therefore the former 
leads to a deviation from the straight line 
with the 2.3 k^T/ane slope in the Tafel 
coordinates, but the current-potential de- 
pendence remains monotonous. Besides, 
Zi and an have opposite signs and for 
single-charged cations, the coefficients of 
the diffuse-layer effect represents a rather 
small correction to the Tafel dependence. 
Nevertheless it cannot be ignored, both for 
the quantitative treatment of the polariza- 
tion curves and for the interpretation of the 
dependence of the current on the concen- 
tration of the indifferent electrolyte [53]. 

Quite a different situation takes place 
for the reduction of anions, or for the 
oxidation of cations. Then the diffuse- 
layer multiplier, Kf 1 , varies in the opposite 
direction compared to the Tafel term. For 
sufficiently dilute solutions, the former 
factor dominates and the cathodic current 
diminishes at the negative shift of the 
electrode potential in the vicinity of 
the p.z.c. At higher electrode charges 
(positive or negative) the variation of 
the diffuse-layer potential becomes very 
slow (logarithmic function of the electrode 
charge, Eq. (17)) compared with the overall 



potential because the compact layer gives 
the principal contribution. Within these 
potential ranges the variation of the 
diffuse-layer factor only modifies the global 
tendency determined by the Tafel term, 
that is, the cathodic current increases 
for negative potential shift. As a whole, 
Eq. (24) predicts a nonmonotonous current- 
potential curve in dilute solutions, with 
a dropping branch in the vicinity of the 
p.z.c. The amplitude of this effect depends 
strongly on the charge of the reactant, Zi, 
and the electrolyte concentration, and the 
current of the anion reduction may almost 
vanish within a wide range of negative 
electrode potentials, E — E a= o < 0. 

One must keep in mind that all this anal- 
ysis was performed for systems without a 
specific adsorption of reacting species or 
indifferent electrolyte. The violation of this 
requirement leads to the necessity to in- 
troduce the energies of specific adsorption 
of reactants or their interaction with ad- 
sorbed species, into Eq. (24). Fortunately 
this problem is of less importance for the 
case of anion reduction, since the most 
interesting effects take place at the nega- 
tively charged electrode surface in which 
anion-adsorption effects are minimal. 

The analysis in Eq. (24) does not take 
into account the transport limitations. 
Therefore these predictions of the diffuse- 
layer effects are only valid for the interval of 
the potentials in which the rate of the pro- 
cess is determined by the electron-transfer 
step. If this kinetic regime corresponds 
to high negative electrode charges, the 
Kij , i factor in Eq. (25) varies slowly and 
the deviations from the Tafel behavior are 
rather weak. On the contrary, the anion 
electroreduction wave that starts at posi- 
tive electrode charges may demonstrate a 
complicated curve: a usual behavior within 
this potential range, with approach to the 
limiting current at less positive potentials, 
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then a deep minimum of the current 
within the range of small negative elec- 
trode charges. 

Experimentally such nonmonotonous 
curves were observed for numerous re- 
actions of the anion electroreduction: 
S 2 0 8 2 “, S 4 0 6 2 “, Fe(CN) 6 3 -, PtCl 4 2- , and 
so on, where all above-mentioned qual- 
itative predictions of the slow-dis charge 
theory were confirmed [54]. For the quan- 
titative treatment, it was suggested that 
corrected Tafel plots be used in co- 
ordinates: logi f + (Zie/23k%T)tlfi, E — 
ft [55], where one should observe a 
straight line with the slope —ane/2.ik^T . 
Besides, the data for different concentra- 
tions of the background electrolyte should 
fall on the same line [56]. These predic- 
tions have been confirmed (some cur- 
vature of corrected plots was found in 
some cases) by experimental studies of 
the persulfate, tetrathionate, ferricyanide, 
and some other anions [57]. 

An additional test of the theory is given 
by the comparison of the data for different 
electrode materials. Experimentally the re- 
duction of the same anion at different 
metals leads to quite different patterns 
for the polarization curve, in particular, a 
drastic variation of the interval in which 
the diffuse-layer minimum is observed. 
According to the theory (24), if the react- 
ing species do not enter the compact layer 
and the possible change of the electron- 
tunneling factor does not influence the 
reaction rate (e.g. for adiabatic electro- 
chemical reactions [58]) the corrected Tafel 
plots must be independent of the electrode 
material. This prediction has also been 
confirmed experimentally for the persul- 
fate reduction at Hg (amalgams), Bi, Sn, 

Pb, and Cd [59]. Similar results have been 
obtained for the persulfate reduction in 
some nonaqueous solvents [60, 61]. 
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The exposed version of the model 
disregards an essential feature of this class 
of reactions, that is, the formation of ion 
associates between the reacting anion and 
background cations, which is especially 
pronounced for the multicharged anions. 
The ways to determine the charge of the 
discharging species in the bulk solution 
(which is generally different from the one 
inside the EDL) are analyzed in [62]. Some 
deviations from the Frumkin theory may 
also originate from the difference of the 
closest approaches of anions and cations 
to the electrode surface [47]. 

The Frumkin correction in Eq. (24) re- 
duces the EDL structure effect to its single 
characteristic, i/ / i potential, while real re- 
actants represent a distribution of electric 
charges. A recent development has taken 
into account this distribution in the cal- 
culation of the work term, so that it 
depends on the whole profile of the poten- 
tial across the EDL. Besides, the presence 
of the reactant perturbs this potential pro- 
file in the vicinity of the species (a kind 
of discreteness-of-charge effects [48] dis- 
cussed in Sect. 2.1.11.3), due to both the 
field created by its charges and the cavity 
effects arising from the replacement of sol- 
vent molecules in the volume occupied by 
the solute species [63, 64]. 

The quantitative theory also has to take 
into account a variation of the reaction 
volume with the electrode charge [65]. An- 
other weak point of the model (24) is the 
hypothesis of the Tafel dependence on 
the potential difference across the compact 
layer. Quantum-mechanical estimates [64] 
testify in favor of a considerable variation 
of the charge-transfer coefficient, a, over 
the wide potential range explored exper- 
imentally, or even its approach to zero, 
which corresponds to the activationless 
regime of the charge-transfer process [66], 
Recent analysis which has included these 


factors [64, 65] has allowed one to provide 
a quantitative interpretation of experimen- 
tal data for anion electroreduction at high 
overvoltages and has confirmed expecta- 
tions of its proximity to the activationless 
region. 

2. 1.5. 4 Electrokinetic Phenomena 

Another area in which the existence of the 
diffuse part of the EDL plays a dominant 
role is represented by various electrokinetic 
phenomena [67, 68]. 

Some of them are observed at mem- 
branes separating two identical electrolyte 
solutions. For example, in electroosmosis, 
one can impose a difference between 
the electric potentials in these solutions, 
by means of immersed electrodes, which 
leads to the generation of an electric field 
across the membrane because of the cur- 
rent passage. As a response, one observes 
a solution flow across the membrane. For 
its qualitative interpretation, one considers 
pores of the membrane as a set of parallel 
cylindrical capillaries. An EDL is formed at 
the internal surface of each capillary, due 
to the ionization of surface groups or/and 
ion adsorption/association, accompanied 
by the accumulation of the counterions 
inside the diffuse layer. As soon as the elec- 
tric field E is imposed along the capillary 
surface, the force z\e E acts on each ion, 
including those within the diffuse layer. 
Owing to the mobility of the latter and the 
viscosity of the solvent, this force induces 
the movement of the solution along the 
capillary. The velocity of this flow (with 
respect to the electric field amplitude) in 
the stationary conditions is described by 
the Smoluchowski equation: 

^ = (An)~ l ei]~ 1 t; (27) 

E 

where e is the relative dielectric permittiv- 
ity of the solvent, rj the dynamic viscosity 



of the solvent, and f (”zeta potential”) the 
potential in the ‘‘slip plane” inside the 
diffuse layer separating the hydrodynam- 
ically immobile (attached to the surface) 
and moving volumes of the solution. This 
potential is often identified to the poten- 
tial of the outer Helmholtz plan, ipcc, 
Eq. (16). 

An inverse phenomenon (streaming po- 
tential), generation of an electric field 
inside the membrane, takes place if the so- 
lution passes through this porous medium 
due to an imposed hydrostatic pressure. 
This time it is the flow of the fluid inside 
the pores that induces the displacement of 
the mobile part of the EDL at the surface of 
capillaries, with respect to the charges at- 
tached to the surface. These dipoles create 
an electric field, which, under stationary 
conditions, prevents the farther displace- 
ment of the mobile charges. The resulting 
potential difference across the membrane, 
A <p, is proportional to the excessive hydro- 
static pressure, A P: 

^ = (4t r)- 1 £i 7 - 1 A- 1 f (28) 

where A is the electrolyte conductivity, and 
the remaining notation is identical to that 
in Eq. (27). 

The existence of the extended diffuse 
layer in dilute solutions is also of crucial 
importance in colloidal systems formed by 
particles whose size is comparable to the 
wavelength of light, that is, about 1 pm. For 
example, electrophoresis, the movement of 
colloidal particles with respect to the so- 
lution under the influence of an external 
electric field, originates from the displace- 
ment of the particle and the mobile part 
of its EDL in the opposite directions under 
the action of this field, since these com- 
ponents of the system possess charges of 
opposite signs. A related phenomenon oc- 
curs if the solid particles move with respect 
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to the solution, for example, under the 
influence of the gravity force (sedimen- 
tation). The viscosity force results in a 
displacement of the mobile diffuse-layer 
charges with respect to the fixed ones at 
the surface, that is, to the creation of an 
electric dipole. The superposition of the 
fields of such dipoles gives an electric field 
oriented along the movement axis (sedi- 
mentation potential). 

It should be noted that the direction of 
the induced effect depends on the sign 
of the diffuse-layer potential, so that one 
can determine from such experiments the 
sign of the “fixed” surface charge or even 
estimate its value. 

The variation of the electrolyte concen- 
tration or the solution composition leads to 
drastic changes in the properties of the col- 
loidal system, in particular to changes of its 
stability, which is primarily determined by 
the electrostatic repulsion between the par- 
ticles. The latter is due to the formation of 
similar EDLs owing to the identical chem- 
ical nature of the surfaces. The repulsion 
is only efficient at long distances between 
the particles (at shorter distances the in- 
teraction between the particles becomes 
attractive due to van der Waals forces). This 
is why long-range diffuse layers are neces- 
sary for the colloid’s stability. The increase 
of the electrolyte concentration strongly di- 
minishes the Debye screening length, that 
is, the distance of the particle-particle in- 
teraction, with the coalescence and the sub- 
sequent sedimentation. Another scenario 
of the kind takes place upon change of the 
solution pH. In most cases the fixed charge 
of the particle’s surface is formed at least 
partially by the proton-exchange equilib- 
rium. The change of pH results in the mod- 
ification of this surface charge, and the sys- 
tems loses its stability at the moment when 
the surface charge passes zero and the re- 
pulsion between the particles disappears. 
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2.1.6 areas: 

Solid Electrodes: Effects of Polycrystallinity 
and Surface Roughness 


R = R > 1 

Sapp 


(29) 


2. 1.6.1 “Uniform” Model of Solid 
Electrodes. Surface Roughness 

A brief outline of this complicated and still 
developing area is given in this section. A 
more detailed description may be found in 
reviews [22, 33, 34] as well as Chapter 2.4 
of this volume [20]. 

Historically the interfacial properties of 
the solid metal -solution interface were 
initially studied for polycrystalline (PC) 
samples. At that time it was expected that 
the characteristics of all metals should be 
rather similar, saying nothing about the 
different single-crystal faces of the same 
metal. 

The first studies of capacitance curves 
for numerous PC metals were qualitatively 
in accordance with these expectations; for 
carefully prepared smooth PC surfaces in 
the absence of the specific adsorption of 
ionic or neutral species, a minimum was 
observed in sufficiently dilute solutions, 
the depth of which increases for lower 
electrolyte concentrations. Therefore the 
potential of this minimum was interpreted 
as the p.z.c., E a= o, of the metal-solution 
interface. 

The capacitance values at this minimum 
for solid metals turned out to be notice- 
ably higher compared with those for the 
mercury electrode at the same electrolyte 
concentrations. Since the interfacial prop- 
erties of different metals were assumed 
during that period to be similar, it was nat- 
ural to attribute these higher experimental 
capacitance values for solid electrodes to a 
greater interfacial area. 

On this basis, one even tried to estimate 
the roughness factor (RF) of the solid 
surface, R, that is, the ratio of the “real” 
(S) and the “apparent” (Sapp) surface 


The real surface area S being unknown 
for solid electrodes, the charge density 
and the capacitance in this case were 
defined with the use of the apparent 
(or “geometrical”) surface area, compare 
Eqs. (3) and (2): 


Q 


->app 


= Ra 


Japp 


,d Q 

C app = Sapp - RC 


(30) 


In accordance with the Stern- Grahame 
model of the EDL structure the values 
of C are determined by both the diffuse 
and compact-layer properties, the latter 
being dependent on the metal properties. 
However, in very dilute solutions of a 
surface-inactive electrolyte the dominant 
contribution to C near the p.z.c. (at the 
capacitance minimum) is given by the 
diffuse layer, C = Cgc(0, c). Therefore the 
ratio of capacitances in these conditions 
should be close to the RF for the surface of 
the solid metal M: 


R = 


r M 
t - a PP 

C H § 


(31) 


It became clear later that this treatment 
had certain defects. The data for most 
dilute solutions (typically, within mM 
range) are especially sensitive to various 
experimental errors, while the capacitance 
values to be measured are very low. 
Another weak point of the reasoning is 
the assumption that the solid surface is 
uniform, which is hardly justified, as we 
see in the following text. One should 
also keep in mind that this consideration 
is inapplicable to the surface roughness, 
whose scale is smaller or comparable with 
the thickness of the diffuse layer, that is, 



with the Debye screening length in the 
solution, which is about 10 nm in mM 
solutions. 

In a modified variant of this approach, 
the surface roughness was determined 
from the same ratio of capacitances (31) 
measured for the identical high negative 
charges [69]. Under these conditions the 
diffuse-layer contribution may be practi- 
cally neglected while the difference be- 
tween the compact-layer capacitances of 
different metals becomes rather small, com- 
pared to the vicinity of the p.z.c. or at 
positive electrode charges. The principal 
shortcoming of this estimate is a signifi- 
cant variation of the cathodic branch of the 
capacitance curve with the electrolyte con- 
centration observed in most publications. 

All this reasoning is based on the 
hypothesis that the separation (20) of the 
capacitance to unit area of the real surface, 
C, into the compact- and diffuse-layer 
contribution remains valid for solid metals 
(see [70] and earlier references therein). It 
gives for experimentally measurable values 
of the capacitance: 

(Capp)- 1 = R~ l Cn~\cr) 

+ R- 1 C GC - 1 (<r,c) (32) 

One must keep in mind that the GC expres- 
sion (21a) for the diffuse-layer capacitance, 
Cqc. contains the charge density per unit 
real surface area, so that it can only be 
calculated (except for its value for a = 0) if 
the RF is known. 

The attempts to apply the Grahame 
treatment in the quantitative manner en- 
countered certain problems. First, the 
impedance data interpreted in terms of 
the in-series combination of the elec- 
trolyte resistance and the EDL capac- 
itance, C, demonstrated a significant 
frequency dispersion of these elements 
(which implies that the equivalent circuit 
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is more complicated). Besides, contrary 
to the theoretical predictions, there was a 
strong variation of the cathodic branch of 
the curve as a function of the electrolyte 
concentration, which was hardly possible 
to attribute to the specific adsorption of 
cations. The anodic branch was even more 
irregular. 

As a result, within the initial period of the 
solid metal studies, the only quantitative 
treatment was made for the data at the 
diffuse-layer minimum. In accordance 
to Eq. (32), the corresponding PZ plots 
(dependence of C ap p _1 versus Cgc -1 ) for 
various solid metals had lower slopes than 
1 , which were interpreted as R ~ 1 . The plots 
(if the concentration range was sufficiently 
broad) showed also a significant curvature 
in most cases. The latter was attributed to 
various experimental errors. 

After having the RF determined one 
could calculate the charge density per unit 
“real” surface area, a, by the integration of 
the C(E) = R -1 C app (ii) curve. Determin- 
ing then Cgc in Eq. (32) one may find the 
compact-layer capacitance for all electrode 
charges. Finally, the “theoretical” capac- 
itance curves could be found for lower 
electrolyte concentrations. However, such 
an analysis has almost never been per- 
formed, that is, only the values of R and the 
compact-layer capacitance for the p.z.c., 
Ch(0), were extracted (see Ref. [34] for a 
review). 

An alternative method to determine 
the RF and the compact-layer capacitance 
curve from experimental data for solid 
surfaces was proposed in [69]. It is based 
on the same model (32) of a uniformly 
charged rough surface. On the basis of this 
equation the compact-layer capacitance 
curve, Ch(o), was calculated for several 
values of the RF R, see Fig. 7, for a fixed 
electrolyte concentration. Similar to Fig. 3 
for the mercury electrode (in which the 
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Fig. 7 The Ch(<t) plots for a polycrystalline silver electrode 
calculated with the use of Eq. (32) for several values of the RF, R, 
indicated at each plot [69]. 


effect originated from the experimental 
errors in the capacitance values), the 
shape of the curve within the interval 
near the p.z.c. was especially sensitive to 
the choice of R. In particular, a value 
of R (R = 1.2 in Fig. 7) was found for 
which the whole curve was passing this 
interval smoothly. It was assumed that 
this procedure allowed one to determine 
both R and the Cnfer) curve. The value 
of R obtained in such a way was in 
accordance with the one found from the 
comparison of EDL capacitance values for 
PC samples of this metal (silver) and 
its single-crystal faces at high negative 
electrode charges. 

One should note that one has to verify, 
whether these characteristics are the same 
for different electrolyte concentrations, 
like it was done in Fig. 3 for mercury. 
This requirement was mostly not verified 


or (if verified) not satisfied, especially for 
PC electrodes. 

Equation (32) of this model implies 
that the surface roughness is realized 
by the spatial configuration whose scale 
is well above the thickness of the EDL, 
in particular the Debye screening length 
of the solution, L-q (18), to allow the 
interfacial structure to follow the curved 
surface without its especial distortion. 
Sometimes in earlier studies, (see [34] for 
review) the treatment of the capacitance 
data for solid metals was based on a 
different relation: 

(Capp)” 1 = /? _1 CH _1 («r app) 

+ C G c~ 1 (a ap p,c) (33) 

Physically, it may simulate the situation 
of a solid electrode with a microroughness 
whose scale is well below the diffuse-layer 



thickness. Then the compact-layer capac- 
itance per unit apparent surface area is 
increased by the RF, while the diffuse layer 
is formed outside this microrough inter- 
face and its structure is identical to the one 
for liquid metals. 

Model (33) predicts a unit slope for the 
PZ plots. It is in contradiction with ex- 
perimental data, at least for PC electrodes. 
However, it should be noted that recent 
theoretical studies of the EDL structure at 
rough (but uniform) surfaces have shown 
that these two models may be considered 
as limiting cases of a more general descrip- 
tion, Sect. 2. 1.6.4. 

One must keep in mind that the increase 
of the EDL thickness upon a decrease of 
the electrolyte concentration is only valid 
for a close vicinity of the p.z.c. The GC 
formulas for the ion charge distribution 
show that outside this narrow interval 
of the electrode charges, the diffuse-layer 
thickness becomes independent of the 
ionic strength of the solution, see Eq. (21a) 
or (21b) as an illustration. This effect 
originates from the nonlinear response of 
the diffuse layer and makes the area of the 
applicability of Eq. (33) quite narrow. 

2 . 1 . 6.2 Crystallographic Inhomogeneity 
Effects for Solid Electrode Surfaces 

The analysis of models (32) and (33) 
demonstrates the necessity to be very 
careful in comparing the values of the 
RF of the same surface found by different 
experimental techniques, since they may 
be crucially dependent on the scale probed 
in the corresponding method. 

Significant new information was pro- 
vided by capacitance measurements at 
single-crystal faces of solid metals. It was 
found that there existed two groups of 
solid metals having qualitatively different 
properties. One of them includes numer- 
ous “mercury-like” metals or semimetals. 
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like Pb, Bi, Sb, Sn, and Cd, for which 
the difference of the p.z.c. potentials be- 
tween the single-crystal faces of the same 
metal is sufficiently small, within 100 mV 
or less. On the contrary, a great dispersion 
of p.z.c. values for different single-crystal 
faces (300 mV and greater) was revealed for 
Ag, Au, Cu, and so forth. Besides, for all 
face-centered cubic metals of this group, 
two basic crystal faces, (111) and (100), pos- 
sess the most positive among those p.z.c. 
values, while even a relatively small change 
of the crystallographic orientation results 
in a rapid shift of the p.z.c. to the most 
negative values that are characteristic for 
most higher-order crystal planes. 

This finding led to the development of 
a new concept emphasizing the effects of 
crystallographic inhomogeneity of the PC 
electrodes by Frumkin [71]. It postulates 
(in its simplest version) that the PC sur- 
face represents a combination of various 
single-crystal faces - each of them having 
their own EDL, the structure of which is 
identical to the one at the correspond- 
ing real single-crystal electrode (model 
of “independent electrodes” [72] or “inde- 
pendent diffuse layers (IDL)” [20]). It was 
noted [71] that at a fixed value of the PC 
electrode potential, E, the charge densities 
of individual faces were different and that 
this factor might change the shape of the 
C(E) curve for the PC electrode near its 
diffuse-layer minimum. 

Later the capacitance properties of a 
PC surface were analyzed on the basis 
of Eq. (34) [69, 73, 74], where the C pc (£) 
curve was represented as the sum of the 
capacitance curves for individual faces, 
C w (£), multiplied by their fractions of 
the total surface area, 0 (l) : 

C pc (E) = £>®C®(£) (34) 
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Though this concept looks almost self- 
evident, one should emphasize that it 
results in quite different predictions on 
the EDL properties, compared to the 
aforementioned model of a rough but 
uniform surface (32) or (33): 

• the diffuse-layer minimum of the 
C (i) (£) curve in dilute solutions is 
widened and not so deep, in compar- 
ison with the minimums for individual 
faces; 

• for metals with a considerable variation 
of p.z.c. values among the faces the 
minimum of the C fl) (£) curve, £ m i n pc , 
is close to the most electronegative 
among p.z.c. of the faces, for example, 
Emin PC = E a= o (110) for Ag, Au, Cu; 

• the formally constructed PZ plot, that 
is, the dependence of (C m i n pc ) -1 on 
Cgc - 1 > cannot be used to determine 
the electrode surface roughness or the 
compact-layer capacitance; 

• this plot is expected to be curved (down- 
ward for lower concentrations) as a 
result of crystallographic inhomogene- 
ity effects, if the concentration interval 
is sufficiently wide; 

• the overall charge of the PC surface, 
cr PC , is nonzero at £ , m in PC , and its value 
depends on the electrolyte concentra- 
tion; 

• at the p.z.c. of the PC surface, <7 PC = 0, 

the charges of regions (faces) at the 
surface are nonzero, er (1) 0, that is, 

this point corresponds simply to the 
compensation of the contributions of 
opposite signs into the overall PC 
surface charge; 

• if the compact-layer capacitance curve 
of the PC surface, CH PC (o rPC ), is cal- 
culated with the use of the traditional 
scheme assuming the uniformity of the 
PC surface, Eq. (32), then this curve dis- 
plays rapid nonmonotonous variation 


in the vicinity of the zero PC charge, 
er pc = 0, because of incorrect subtrac- 
tion of the diffuse-layer contribution. 
Moreover, such calculated “compact- 
layer curves” are strongly dependent on 
the electrolyte concentration and have 
no relation to the ones obtained by the 
averaging of the compact-layer curves 
for individual faces with the same frac- 
tions similar to Eq. (34). 

These strong “anomalies” were predicted 
for metals whose PC surfaces were com- 
posed by low-index single-crystal faces (e.g. 
(Ill), (100) and (110) for face centered cu- 
bic (fee) lattices) having a strong difference 
between their p.z.c. (several hundred mV). 
For “mercury-like” PC metals, the pre- 
dicted effects were less pronounced, even 
though the formal PZ plots were to be 
markedly curved. 

It was also recognized [74] that there 
existed an alternative model of the PC sur- 
face, “EDL with a common/united diffuse 
layer”. It means that if the size of the in- 
dividual faces at the surface is sufficiently 
small, the diffuse layer is smooth along 
this heterogeneous surface, i.e., it is anal- 
ogous to the one for a uniform surface but 
with the charge density in expression (21a) 
replaced by the average charge density of 
the heterogeneous surface: 

a PC = J2e (i) a a) (35) 

i 

Then the interfacial capacitance of such 
PC surface should be described by the 
equation: 

(C^r 1 = (C H PC ) _1 + C GC - V pc , c) 

(36a) 

where “the compact-layer capacitance of 
the PC surface”, Ch pc , is given by the 
average of the compact-layer capacitances 



of the individual faces: 

C H pc = e U) C H O (i) ) (36b) 

i 

The latter depends on the charge density 
at the corresponding face, er w , rather than 
on the average density er pc . Evidently this 
model predicted quite different effects: 

• the coincidence of the p.z.c. of the PC 
surface with the potential of its C pc (£) 
curve, £min PC ; 

• the independence of its value on the 
electrolyte concentration; 

• a straight line with a unit slope for the 
PZ plots at any fixed value, and so on. 

In an attempt to choose an adequate 
treatment, the predictions for both mod- 
els were compared with experimental data 
for PC samples of various metals. Qual- 
itatively the conclusions of the model of 
“independent electrodes” turned out to be 
in agreement with experimental data for 
such metals as Ag, Au, Cu and so on, see 
reviews in Ref. [20, 34], contrary to the fail- 
ure of the “common diffuse layer (CDL)” 
model, Eq. (36a). However, in quantitative 
terms the effects of crystallographic inho- 
mogeneity were smaller than predicted by 
the model based on Eq. (34). For example, 
the capacitance at the minimum, C m i n pc , 
for PC Ag diminishes more rapidly than in 
its theoretical estimates. The experimental 
slope of the PZ plots calculated with no 
account for the surface heterogeneity ef- 
fects is close to 1 for Bi, within a very wide 
range of the concentration, in contrast to 
the model analysis. The value of R found 
from the same plot is close to 1 for some 
PC Ag electrodes in rather concentrated 
solutions. 

One of the possible reasons of this 
disparity may bean inappropriate choice of 
the fractions of the PC surface occupied by 


2 . 1 Electrochemical Interfaces: At the Border Line | 63 

the individual faces, 6 (l \ in Eqs. (34) and 
(35) since they have been postulated on 
an intuitive basis rather than determined 
from measurements. One should also 
keep in mind the necessity to distinguish 
between the capacitance values related to 
the “real” or “apparent” surface areas of 
the PC electrode, Eq. (30). In other words, 
one must take into account the RF of the 
PC surface, R pc . Then the experimentally 
measured capacitance value, C a pp PC (£'), 
is given by Eq. (37) if the “model of 
independent electrodes” is used: 

C app pc (£) = R pc J2d & C (i) (E) (37) 

i 

Here, similar to the previous relations, the 
sum of the fractions of the individual faces 
at the PC surface, is equal to 1. The 
capacitance curves C w (£) correspond to 
perfect faces without any roughness. 

To avoid a misunderstanding, one must 
keep in mind that all conclusions derived 
on the basis of Eq. (34) remain valid for 
this case, too. In particular, it is impossible 
to obtain the RF of the PC surface, R pc , 
from the slope of the PZ plots. On the 
other hand, one may determine both the 
RF and the fractions of the individual 
faces from the comparison of experimental 
capacitance curves for the PC surface 
and the individual faces (if the latter are 
known) [75]. These characteristics of the 
PC surface are found by minimizing the 
difference between the left- and right- 
hand side terms in Eq. (37) with respect to 
the fitting parameters, R pc and This 
operation applied to the PC Ag electrode 
enabled one to reproduce properly its 
experimental capacitance curve on the 
basis of those for the three silver low- index 
faces, (111), (100) and (110). Moreover, it 
was found that the values of R pc and 6 (p> 
obtained from the fitting for each electrolyte 
concentration turned out to be practically 



64 | 2 Electrochemical Doable Layers 

the same for all concentrations. The value 
of R pc obtained in this way was close to 
the ratio of the C ap p PC and C w at high 
negative potentials, in accordance with 
earlier expectations, see previous text. 

2.1 .6.3 EDL Structure for Nonllniform 
Electrode Surfaces 

All this modeling was based on the 
hypothesis that the EDL structure is one- 
dimensional, that is, all profiles (concen- 
trations, ion charge density, and electric 
potential) depend on a single coordinate 
normal to the surface, either within the 
whole diffuse layer in model (36a) or 
within the EDL at each single-crystal face 
in model (34) or (37). However, a rig- 
orous theoretical analysis [76, 77] shows 
that these distributions are essentially per- 
turbed near all contacts of the surface 
domains possessing different p.z.c. or/and 
compact-layer capacitance values. It results 
in a nonuniform distribution of the surface 
charge density. The width of this perturbed 
zone is determined by the screening prop- 
erties of the electrolyte inside the diffuse 
layer, in particular it is close to the De- 
bye screening length in the bulk solution, 
Ld, in the simplest approximation of the 
linear response. Then the criterion of the 
aforementioned models is in the compar- 
ison between the characteristic size of the 
individual uniform areas at the PC sur- 
face (e.g. single-crystal faces), y*, and the 
Debye screening length, Lq. For example, 
for model (34) and (37) it has the form 
y* » Td- 

This approximation of the linear re- 
sponse may be justified for heterogeneous 
surfaces with a small difference of the par- 
tial p.z.c. values, in particular for some 
mercury-like solid metals. However, the 
analysis is much more complicated [72, 
78] in the case of a surface with a great dif- 
ference of these p.z.c. values, for example, 


observed for single-crystal faces of many 
metals. Then the response of the EDL is 
always nonlinear, since the electron charge 
density is sufficiently high at least on some 
of the surface domains, since the electrode 
potential E is far from their p.z.c. val- 
ues, E a= o [1) ■ For these surface regions, 
the dominant contribution to the local ca- 
pacitance is given by the compact layer, 
even if the electrolyte concentration is very 
low. For some other regions, the poten- 
tial E may be close to their p.z.c., the 
EDL structure may be described within 
the linear-response model and their overall 
capacitance may be essentially determined 
by the diffuse-layer contribution. However, 
the latter leads to a strong reduction of 
the contributions of such regions into the 
overall capacitance of the heterogeneous 
surface, since the contributions of the re- 
gions are additive. 

As a result the criterions of models 
(37) or (36a) depend mostly on the 
difference of the partial p.z.c. values and 
on the partial compact-layer capacitances. 
In particular, for the most interesting case 
of a strongly heterogeneous surface (i.e. 
having a significant difference between 
the partial p.z.c. values) the principal 
condition relates the characteristic size of 
the uniform regions, y*, and the lengths 
Lj'j' derived from the values of the partial 
compact-layer capacitances, , e.g., for 
the “model of independent electrodes” 
(Eqs. (34) and (37)): 

y* » max{eL H (1) , £Th <2) }, 

L H (i) = (47TCH®)” 1 (38a) 

One should emphasize that this condition 
is sufficient even for very dilute solutions, 
in which the Debye screening length 
in the bulk, L-q, may strongly exceed 
the geometrical size, y*, contrary to 



the intuitive expectations based on the 
linear-response approximation. 

The criterion is slightly more compli- 
cated for systems with a moderate (but 
not small) difference of the partial p.z.c. 
values for which, the diffuse-layer min- 
ima for the different uniform regions as 
a function of the electrode potential over- 
lap partially. Then, condition (38a) must be 
supplemented by another one; the geomet- 
rical size should also significantly exceed 
the shortest among the partial screening 
lengths inside the diffuse layers at each 
region: 

>'* » max{L D (1) , Ld (2 \ ■ ■ ■}, 

L D (i) = (4^eC G c (i) ) _1 (38b) 

determined by the diffuse-layer capac- 
itances for the corresponding regions, 
Cgc ( i) - The latter depends on the local 
charge density for this region according to 
Eq. (21a). 

The characteristic lengths vary 

widely as a function of the metal and 
solvent properties. For aqueous solutions, 
they are within 5 nm, or even smaller for 
metals with high values of the compact- 
layer capacitance for single-crystal faces at 
small electrode charges, such as Ag or Au. 
Therefore this analysis testifies in favor 
of the “model of independent electrodes” 
for such systems, in conformity with 
the experimental evidences mentioned 
above. 

However, one should keep in mind that 
all this analysis is based on the assumption 
that the principal contribution to the PC ca- 
pacitance is given by perfect single-crystal 
faces at its surface, which must have a suf- 
ficiently large size, Eq. (38a). One cannot 
a priori exclude a considerable contribu- 
tion due to intermediate regions between 
well-defined uniform surface fragments, 
or even a completely amorphous surface 
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structure. The corresponding model was 
first proposed for the imperfect single- 
crystal (111) face of Au in Ref [79], which 
was considered as a combination of per- 
fect (111) regions and intermediate zones. 
Then in accordance with the approach 
of “independent electrodes”, the over- 
all capacitance was represented as the 
sum of the perfect C m (£) curve and 
the one of the PC Au electrode. Possi- 
ble influence of various higher-order faces 
and surface defects on the capacitance 
properties of PC surfaces was discussed 
in [80]. Later, it was suggested to repre- 
sent the overall PC capacitance as the 
sum of the contributions from all low- 
index faces (identical to Eq. (37)) and from 
the intermediate regions, the latter be- 
ing modeled in accordance with Eq. (36). 
This treatment was extensively used to 
analyze the properties of Bi electrodes, 
see [20]. 

For metals with a great difference be- 
tween the p.z.c. values of the faces, it is 
necessary to keep in mind the specific 
dependence of the p.z.c. values of the 
single-crystal faces as a function of their 
orientation; for example, for various fee 
metals the low-index faces ,(111) and (100), 
possess “singular” p.z.c. properties, while 
this characteristic rapidly approaches a 
much more positive value typical for (110) 
and higher-index faces, at a relatively small 
change of the crystallographic orientation. 
Therefore, one cannot exclude an alterna- 
tive interpretation of the above-mentioned 
experimental observations for such PC 
electrodes. Namely, one can envisage that 
their surfaces do not contain perfect (111) 
or (100) faces but only perturbed ones. 
Their p.z.c. values are not much differ- 
ent from those for the (110) or (210) 
faces. 

The possibility of getting a substantiated 
answer might lie in the use of modern 
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methods of analysis to establish the PC 
surface structure more reliably [21, 22]. 
On the other hand, one must always keep 
in mind that each particular experimental 
technique often uses different definitions of 
the term “surface structure”, in particular 
its “roughness”. 

2.1 .6.4 Surface Roughness Effect on the 
Diffuse-Layer Capacitance 

Characterizing roughness by a geometrical 
RF, as the ratio of the true surface area and 
the apparent cross-section area, Eq. (29), 
one distinguishes typically the cases of 
weak, moderate, and strong roughness, de- 
pending on whether R — 1 << 1, R — 1 « 
1, R — 1 >> 1. Weak roughness is typical 
for single-crystalline electrodes, moderate 
roughness for polycrystalline electrodes, 
while the case of strong roughness is met 
for specially fabricated catalysts. However, 
as we have mentioned, the RF alone can de- 
scribe the effect of surface corrugation only 
if the characteristic scales of roughness are 
much greater than the diffuse-layer thick- 
ness, while in the opposite limiting case its 
effect will not be seen. In the general case, 
one must develop a more general theory. 

Such a theory was developed re- 
cently [81-83], however, with no account 
for possible “energetic inhomogeneity” of 
the surface, as discussed in the preced- 
ing text. Since, facets of a rough surface 
always expose different elementary faces 
of the crystal structure, such a theory 
has a limited applicability; one might ex- 
pect it to be valid only for metals with a 
minor difference in p.z.c. Since this the- 
ory is discussed also in Chapters 2.2 and 

2.4 of this volume, we only briefly out- 
line its basic ideas. We will do it for the 
case of relatively small electrode charges, 
when the linearized Poisson-Boltzmann 
theory could be used [81]. The case of arbi- 
trary large electrode polarizations, beyond 


the linearized Poisson-Boltzmann ap- 
proximation, was considered in Ref. [83]; 
the solution obtained helps in explain- 
ing a number of experimentally observed 
potential-dependent effects. The latter is, 
however, more cumbersome for presen- 
tation, and we will explain the idea of 
the theory for the case of small electrode 
polarizations [82]. 

As it was shown in Ref. [81] within the 
linearized Poisson-Boltzmann approxi- 
mation the diffuse double-layer capaci- 
tance takes the form, 

C = R(k)Cgc (39) 

where R(k) is not a roughness factor but a 
“roughness function” of the inverse Debye 
length, k. This function varies between 
the obvious limits R( 0) = 1 and the RF 
R = R(o o) > 1. For the case of weak 
roughness, a relationship was derived 
between the roughness function and the 
height-height correlation function of the 
surface corrugation. 


R(k) = 1 + 


Kh 2 f 

(to? J dKg<K) 


x [vV 2 + K 2 ) - k] 


(40) 


Here the “height” h stands for the mean 
square departure from flatness and g(K) 
is the height-height correlation function 


g( K) = 


(IIkI 2 ) 

Sapph 2 


(41) 


where Sapp is the apparent surface 
area, £(R) the corrugation amplitude 
(< ?(R) >= 0) as a function of the lateral 
coordinate R, £k = / dRf (R) exp{— / KR[ is 
its Fourier transform (FT). 



For Gaussian height-height correla- 
tions, g(K) = ttI 2 exp(— I 2 K 2 /4), one ob- 
tains 


R(k) = 1 + 


2 Jjzh 2 K 
7 exp 



x 



(42) 


and 

2 h 2 

R = l+- r (43) 

where <t>(.r) is the probability function [84]. 
For this case, R(k) is plotted in Fig. 8. 

As it was shown in Refs. [81, 82], the 
particular form of the corrugation has only 
a small effect on the roughness function, 
which is constrained between 1 and R. 

In order to verify how critical the as- 
sumption of weak corrugation for this 
approach is to the calculation of the rough- 
ness function, the case of corrugation 
described by a model of rectangular grat- 
ing was studied [82]. For this case, there 
is an exact analytical expression for the 
roughness function, obtained in the weak 
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roughness approximation, and an exact 
numerical solution, obtained for any ratio 
between the height and the period of grat- 
ing. The comparison of the two has shown 
that the analytically tractable approxima- 
tion of weak roughness gives practically 
a universal description of the possible 
roughness effect on the diffuse-layer ca- 
pacitance for nonfractal electrode surfaces. 

The situation is more complicated for 
a self-affine fractal surface. The latter is 
characterized by the self-affine exponent, 

H, which is related to the Flaussdorf 
fractal dimension D = 3 — H [85], and a 
long-length cutoff, /, which characterizes 
the scales after which the surface is 
apprehended as a Euclidian one. As it 
was argued in Ref. [81], the roughness 
function for the Debye length shorter than 
the long-length cutoff scales as R (at) — 1 oc 
(h/ 1) 2 (Ik) 2 ^~ h \ at least for moderate 
fractal dimensions, that correspond to 
H < 0.5. It could have been interesting 
to verify this law. 

However, it is more important to verify 
first the basic predictions of the theory 



Fig. 8 Roughness function dependence on inverse Debye length for the 
random Gaussian surface, e = 80, h = 5 nm, / = (1)10, (2)1 5, (3)20 nm. 
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for nonfractal electrodes. Efforts in this 
direction have been made by the Tartu 
group [86] that have extracted R(k) = 
C/Cqq from their data and plotted it 
versus k. It was found that for metals 
with close values of the p.z.c. for different 
crystal faces the trends of the theory are 
basically correct, but even for such metals 
the deviations from the nonequipotential 
character of the outer Helmholtz surface 
(assumed to be equipotential in Ref. [81]) 
are likely to be important for a quantitative 
comparison. For metals with strong vari- 
ance of the p.z.c., the theory in its present 
form essentially fails. It needs an exten- 
sion that would combine this theory with 
the models of energetic inhomogeneity de- 
scribed in the previous section. Note that 
Lust and coworkers compared the nonlin- 
ear variant of the theory also [83], that is, 
the so-called potential-dependent roughness 
function, with the values extracted from 
their data [87], and came essentially to 
the same conclusions. Further system- 
atic data would be highly welcome, as 
well as the mentioned extension of the 
theory. 

2.1.7 

Semi-phenomenological Nonlocal Theory 
of the Double Layer 

The dielectric response of the interface 
can be described in a unified manner in 
terms of the nonlocal electrostatic the- 
ory [88, 89]. Indeed, it was shown to be 
possible to express the electric proper- 
ties of the interface through the dielectric 
function of the metal/ solvent system, not 
applying a particular form of this func- 
tion, for any structure of the interface. 
Such an approach allows revealing gen- 
eral properties of the double layer and 
expressing the parameters involved via 
the nonlocal dielectric function. We briefly 


describe the main points of this theory [43, 
44, 90], 


2. 1.7.1 Basic Equations 

At a given surface charge density, er, 
of the electrode, the potential distribu- 
tion along the z-normal to the elec- 
trode surface, (j) a {z), obeys the Pois- 
son equation d 2 (p a (z)/dz 2 = — 47r(p" s + 
(f on ), where p^ s is the bound charge 
density of the metal and solvent in con- 
tact and p? is the charge density of 
electrolyte ions. Subtracting from this 
equation the same equation at a = 0, for 
the so-called rationalized potential, <p (z.) = 
<Mz) — 4>o(z), we get 

= - 4jr (Pms + Pion - Pi°o„) (44) 


where p ms = — p^s- To close this 

equation let us introduce the nonlocal 
permeability of the metal/solvent system, 
X(z, z'), which relates the change in the 
bound charge density to the corresponding 
change of the electric field 


_ d r aj 

Pms — ~r~ I dz 
QZ J — oo 


X(z,z) 


, d 0(Z) 


d z' 


Then the equation for </> reads: 
d roo 


dj J- 


/ OO 

d z's(z, 

-OO 


, d<p(z') 


4 71 [Pion PionJ 


(45) 


(46) 


where 


e(z, z') = <5(z, z') + 47r/(z, z') (47) 


is the static nonlocal dielectric function of 
the metal/solvent system that keeps all the 
information about its structure [88-91]. 

Equation (46) is still not closed, as we 
still need an equation that relates the r.h.s. 
with c(>. A particular closure is determined 



by a specific statistical-mechanical scheme 
for the ionic subsystem, the classical Pois- 
son- Boltzmann scheme approximation 
(which results in the Gouy- Chapman- 
Stern (GCS) model) being the simplest 
one. Here, we will show the equation that 
follows in the case of the linearized Pois- 
son- Boltzmann approximation, valid for 
a — »■ 0 and moderately large concentra- 
tions c: 


d_ 
d z 



d z'e(z, z') 


<W) 

d z! 


= Kq9(z - D 
(48) 


Here, kq = k*Js where s is the dielectric 
constant of the bulk solvent and/c -1 is the 
Debye length; 6 stands for the Heaviside 
unit step function, which reflects here the 
distance of closest approach, /, of ions to 
the electrode (/ is calculated from the edge 
of the metal skeleton) . 

Because of the general properties of the 
kernel s(z, z'), Eq. (48) possesses a unique 
solution. For the solution obtained, the 
capacity of the metal electrolyte interface 
is calculated via the formula, 
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the nonlocal dielectric function. Referring 
the reader to Ref. [44], we show here only 
the result for the capacitance in the limit 
of low electrolyte concentrations: 


1 

4^C 


1 

SK 


+ hn + 0(k) 


Here, 


(50) 


Lh 



dz'fi 



0(z-D 1 


(51) 


where the inverse operator e 1 (z, z!) is 
determined by 



d z'e x (z, z')s(z, z') = S(z, z') 


(52) 


To the accuracy of small O(k ) -terms 
Eq. (50) coincides with the Grahame 
ansatz at a = 0. The Grahame ansatz is 
thus recovered in the low concentration 
limit, giving for the “compact-layer capac- 
ity” the expression 


1 

47rC 


|>(-oo)-0(oo) 

hm 

cr — »o a 


1 

Ch = 5 — } — 
4ttLh 


(53) 


4>{—o o) — <j>(oo) 


«r 


(49) 


d 


Generally in order to find the solution, 
one must specify the particular form 
of s(z, z'). Such solutions have been 
repeatedly reported in the literature (see 
e.g. [44, 92-96]). However, in the spirit of 
the semi-phenomenological approach, we 
are now interested in the solution for a 
general form of s(z, z')- Such a solution 
can be obtained approximately [44] using 
the technique of matching asymptotic 
expansions [97], in the case of a dilute 
electrolyte when the Debye length is much 
greater than all the characteristic lengths of 


Hence, we see that C h is determined 
primarily by the quantum-statistical prop- 
erties of the metal-solvent systems rather 
than by the distance of solvent approach. 
The primitive local estimate gives an exam- 
ple when / is, indeed, of minor importance. 
Take a model of a film with low dielectric 
constant that separates an ideal metal and 
the bulk solvent: 

{ oo z < 0 

£* 0 > z > z* 

£ Z > Z* 

If/ > z*, this model gives Lh = z*(l/fi* — 

l/fi)+//£, and for £ £* and z* ~ /, 

L h ^ z*/£*, that is, it is determined by the 
parameters of dielectric inhomogeneity 
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but not by the distance of closest approach 
of electrolyte ions. 

An extension of the nonlocal dielectric 
theory to the range of moderate deviations 
from the p.z.c. was reported in Refs. [43, 
90]. The results differ in replacing 1 /sk by 
l/47rCd, where Cj is the nonlinear differ- 
ential capacitance of the diffuse layer (e.g. 
of GC type), and e(z, z!) by the so-called 
differential dielectric function s(z, z', a) (for 
details see Ref. [90]). Somehow the Gra- 
hame parameterization is again recovered, 
but the validity criteria now involve the 
value of a . Critical is the requirement that 
the amount of the electrolyte charge, ac- 
cumulated within the layer of thickness 
z*, constitutes a small portion of the total 
charge a . For aqueous electrolytes, the cri- 
terion limits the results to a < 10 gC/cm 2 
and c < 0.1 M. This is the sufficient crite- 
rion. In fact the differences between the 
values of Cr as evaluated from small and 
high concentrations typically do not exceed 
5%. The reason for that phenomenon is 
discussed in Ref. [88]. In general Grahame 
parameterization may eventually work at 
higher charges and concentrations. 

2 . 1.8 

“Dipolar” Models of the Compact Layer 

Historically, molecular models of the 
compact layer were first to rationalize 
its nonlinear dielectric response. Starting 
with Ref. [98] and until the beginning of 
the 1980s, this type of models comprised 
the main direction of research in the 
theory of the electrochemical interface (for 
detailed review see Refs. [88, 99]). We will 
discuss several of the most important ones 
in the following text. 

2. 1.8.1 Two-State Model 

This model [98] assumes the existence 
of two admissible orientations of solvent 


dipoles in the layer bounding the metal, 
“spin-up” (f) and “spin-down” (f), 
with a dipole pointing away or to the 
metal, respectively. Some residual energy 
is attributed to each state in the field 
of an uncharged electrode, and U±. 
Boltzmann statistics relates then the oc- 
cupation numbers of the states, and 
Ny. *Brln(tf t /j\4) = U { - t/ f + 2 p<S>/d 
where p is a permanent dipole molecule 
of the molecule, <t> is the potential drop 
across the layer of thickness d, and 
&b is Boltzmann’s constant. Here the 
dipole moments are assumed to have the 
same magnitude for both orientations, 
but the dipole moments are, in general, 
different from those in the gas phase 
or in the bulk of the solvent. The or- 
der parameter then reads (Nf — Nff/N = 
tanh pA^/k^Td, where A<t> = <f> — <t> m , 
d> m = d/2 p(t/ t - Uff, and N = + N± 

is the total number of molecules in the 
layer per unit surface area. This is not yet 
a closed equation; the closure is reached 
by the assumption that <t> is a superposi- 
tion of the potential drop in the absence 
of dipoles and the contribution due to 
dipoles: 

1 ( , pAOl 

<t> = — { Ancrd — AnpN tanh I 

£<x> l k^Td \ 

(54) 

where a is the specific charge of the 
electrode and Soo is the high frequency 
effective dielectric constant, related to 
the intramolecular polarizability of the 
molecules. The p.z.c., obtained from 
Eq. (54) at a = 0, lies generally between 
0 and T> m . 

Equation (54) implicitly determines the 
value of potential for a given charge of 
the electrode. Its differentiation over a 
gives the famous bell-shaped differential 
capacitance of the molecular layer with a 



maximum centered at <t> m . 

c £oo Np 2 1 

M 4jzd k%Td 2 cQr ,y2 \ pAO | 

I bJd | 

(55) 

The parametric dependence of Cm on a 
is given by Eq. (55) combined with er(<t>) 
dependence given by Eq. (54). According 
to Eq. (54) the maximum of capacitance is 
at a = e 00 4> m /4^d. Electrochemists used 
to believe that, if there were a prefer- 
ential orientation of water molecules on 
the metal surface, the molecule would 
look at the metal by its negative end. 
That means U\, > t/j . Hence, <b m < 0. 
Since the maximum of the compact- 
layer capacitance is in the anodic but 
not in the cathodic range, historically 
this model was not accepted in electro- 
chemistry. Nowadays we are less certain 
in that (see discussion in Sect. 2.1.10). 
Furthermore, since we now know that 
this is only one of the contributions 
to the inverse capacitance, this limita- 
tion may not be that critical. Indeed for 
small | <$> m | the maximum of Ch may 
still be shifted to the anodic range by 
the basic slope of the a -dependence of 
Cr (see Sect. 2. 1.9. 2). Somehow the two- 
state model [98, 100] has resulted in the 
understanding that humps on the capaci- 
tance curve may be associated with dipolar 
reorientations. The two-state model ratio- 
nalized the value of the effective dielectric 
constant of the Helmholtz layer, e*(er) = 
Boo + 47TNp 2 /kBTd[cosh{pA<t>/kftTd}] 2 . 

Further modifications of the model [101, 
102] were aimed at shifting the maximum 
towards the anodic range at the cost of 
an artificial assumption that the dipole 
moments in the up and down orientations 
are different (for a critical discussion of 
other modifications made in Refs. [101, 
102] see Ref. [88]). 
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2. 1.8. 2 Multistate Models 

A three-state model was suggested in 
Ref. [103] with a third state (— >■) cor- 
responding to orientation of a dipole 
parallel to the electrode surface. It was 
analyzed on a level similar to Ref. [101] 
and successfully applied for interpreta- 
tion of the capacitance data for aprotic 
solvents. 

A cluster model, essentially a four-state 
model, was suggested [104] and devel- 
oped [105, 106] to interpret the capacitance 
data in associated solvents. According to 
this model the molecules in the bound- 
ing layer can exist in free states or in 
clusters. Up-and-down orientations are al- 
lowed for a free molecule or a cluster. 
Owing to constraints on the mutual ori- 
entations of molecules in a cluster, the 
effective dipole moment of a cluster is 
assumed to be smaller than that of a 
free molecule. The residual energy for a 
molecule in a cluster state is assumed to 
be lower than in a free state. In such 
a model there will be more clustered 
than free molecules at the p.z.c. However, 
charging the electrode shifts the equilib- 
rium towards the occupation of free states 
due to the gain in polarization energy, 
that is, it causes the field-induced de- 
struction of the clusters. Since the decay 
of clusters increases the net polarization 
of the layer, the rising branches of the 
Cm (o') curve emerge. Because of the in- 
terplay between the polarization of single 
molecules and clusters, and the cluster 
decay and formation, the C m(o 0 curve 
may generally have a sophisticated form. 
Qualitative features of Grahame’s curve 
for the compact-layer capacitance of the 
Hg-H 20 -NaF interface and its tempera- 
ture dependence were reproduced in the 
elegant parameterization of Ref. [105] (dis- 
cussed also in Refs. [88, 99]) with three 
fitting parameters and four parameters, 
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which can be evaluated from independent 
data. A better fit was achieved in a more 
involved analysis of Ref. [106], but as noted 
in Ref. [99] the best fit would have been 
achieved for a dipole moment of water 
twice as large as its value in the gas phase, 
which may be a bit too much. Furthermore, 
the sign of the temperature derivative [105, 
106] is opposite to the experimentally ob- 
served one. 

The lesson from this four-state model 
is that the interplay between the field- 
induced destruction of the clusters and 
reorientations of the clusters and sin- 
gle molecules may be a source of a 
most peculiar CMfoO-behavior. The rich- 
est curve exhibits four maxima and three 
minima. 

2 . 1.9 

The Role of Metal Electrons 

We now briefly describe the effects asso- 
ciated with the surface electronic profile 
of the metal and its influence on the re- 
sponse of the electrochemical interface to 
charging. For a detailed review, the reader 
is addressed to Ref. [107]. 

2 . 1 . 9.1 Surface Electronic Profile and its 
Response to Charging 

How close do solvent molecules come to 
the metal? Where is the boundary of the 
metal? To answer these questions, we must 
go back to the structure of the metal sur- 
face. The existence of a tail of quasi-free 
electrons spilled out of the ionic skele- 
ton of the metal was predicted in the 
early days of quantum mechanics [108]. 
In the 1970s, this picture was approved 
and detailed by the electron-density func- 
tional theory of the inhomogeneous elec- 
tron gas (later leading to Nobel fame for 
Walter Kohn in 1998) applied to metal 


surfaces [109]. First calculations were per- 
formed in the so-called jellium model [110], 
in which the skeleton is treated as a ho- 
mogeneous semi-infinite background of 
positive charge. Later on the calculations 
were modified to account for the discrete 
structure of the skeleton with the use of 
ionic pseudopotentials [111]. 

These predictions have been verified by 
experiments on low-energy helium atom 
scattering by metal surfaces [112]. The 
helium atom repels the Bloch electrons, 
because their wave function must become 
distorted to preserve orthogonality to the 
wave functions of the closed shells of 
helium. The repulsion potential appears 
in practise to be proportional to the local 
free electron density. Thus a helium atom 
scatters like a ping-pong ball from the 
electron cloud of the metal, and this allows 
to probe the distribution of electrons in the 
cloud, that is, the profile of the electronic 
tail and its lateral corrugation that usually 
follows the periodicity of the surface crystal 
plane [112]. 

How does the surface electronic pro- 
file deform with charging? Although there 
was no direct observation of the charge- 
induced profile modulation, a lot is known 
from the theory and indirect manifes- 
tation of this effect in field emission. 
For the jellium model, after the pioneer- 
ing papers [110, 113, 114], the problem 
was studied in detail in Ref. [115] within 
the trial function version of the den- 
sity functional formalism [116] and in 
Ref. [117, 118] within the more general 
Kohn-Sham scheme [119]. We summa- 
rize here the properties necessary for our 
further discussion. 

If no discreteness of lattice charge is 
taken into account or if we speak about the 
laterally averaged electron density profile, 
«(z), neglecting Friedel oscillations [110], 
it can be roughly approximated by a trial 
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function 

of its center of mass. 


«<t(z) 
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Z<r = / dz Z[«rr(z) - «o(z)] 
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_ 1 1 - 0.5 exp[d(CT)(z - z)], z < z 
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which for the approximation (56) takes 

z = ~ — (56) 

the form 
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where n+ is the volume density of the 

^~2 + a[p(0) 2 P(a) 2 \ 


positive charge of the ionic skeleton that oc- 

2 

(59) 

cupies the half-space z < 0, a is the net sur- 

^ Zo + po + ra 


face charge density (f_ 00 [n a (z)—n+] + a g a j n with definite expressions for zo, P, 
fo /? o-(z) = —ff)- According to Ref. [115], r [115]. Thus-calculated z a plots appear 
the expansion to c j ose to direct Kohn-Sham calcu- 


P(cr) ^ P(0)+aa +ba 2 + da 3 (57) latlons l 117 ’ 118 1- 

n(z) obeys an exact sum rule with no 

with the obtained analytical expressions for dependence on the particular approxima- 
te coefficients fi(0 ),a,b,d as functions tion for the electron density functional, 
of n+ reproduces well the direct numer- For example, the Theopilou sum rule 
ical simulation of /3(cr). Figure 9 shows derived for the metal vacuum interface 
the thus calculated profile of n„(z) for reads J_ 00 &zz[n a (z) — «o(z)] = a 2 /2n+. 
n+ corresponding to Hg. The correspond- The substitution of a single parameter trial 
ing excess charge distribution A n a (z) = function (56) gives just an equation on ft 
n a (z) — no(z) is shown in Fig. 10. as a function of a and n+. This gives a 

The important characteristic of the qualitatively similar charge dependence, 
excess charge distribution is the position but quantitatively it is different from the 
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Fig. 9 S urface electronic profile of a neutral and negatively charged jellium 

calculated for the bulk electron density of Hg. 
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Fig. 10 Distribution of excess negative charge corresponding to the profile 
shown in Fig. 9. 



Fig. n The center of mass of excess charge distribution as a function of the 
net charge on jellium metals. At zero charge, it is located outside the jellium; 
with negative charging, it moves further out. 1 a.u. of surface 
charge = 5.71 0 3 pCcm“ 2 . 


density functional results, because neither 
is the trial function exact nor the den- 
sity functional. The dramatic history of the 
employment of exact sum rules in electro- 
chemistry is discussed in Ref. [107]. 

The z a ~ and ft (cr) -curves for bulk 
electron densities corresponding to Hg 


and Ga are shown in Figs. 11 and 12, 
respectively. For all the metals studied, 
zo > 0, a > 0, p < 0. This means that 
for negative charges the electronic profile 
broadens and the excess charge center- 
of-mass moves further outside the metal. 
These two features are also essential 
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Fig. 12 The same graphs as in Fig. 1 1 , but for the characteristic length of 
smearing of the surface electronic profiles. Smearing increases with negative 
charging. 


for understanding the metal response to 
charging in situ, although the bounding 
medium may affect the values of /3(a) 
and Zo- However, the qualitative behavior 
of these functions remains the same, 
unless the solvent molecules chemisorb 
on the metal surface. In that case with 
negative charging of the metal the extra 
electrons may have to be localized within 
the skeleton half-space, thereby decreasing 
z a and fi{cr)- 1 . 

2. 1.9. 2 Response to Charging of the 
Electrochemical Interface and the 
Compact-Layer Capacitance: Main 
Qualitative Effects 

The reader interested in the history of 
the step-by-step comprehension of the 
role of metal electrons in the double-layer 
theory and various ideas in this field is 
referred to the reviews [107, 120-124]. In 
the following sections, we will quote only 
the references needed for understanding 
the simple but basic qualitative features 
discussed in this tutorial overview. 


The profile of an ideally smooth interface 
is sketched in Fig. 13. The half-space z < 0 
is occupied by the ionic skeleton of the 
metal. This can be described, roughly, in a 
jellium model, as a continuum of positive 
charge n + and the effective dielectric 
constant £ b due to the polarizability of 
the bound electrons (this quantity is, 
with rare exceptions (Hg: £ b = 2, Ag: 
e b = 3.5), typically close to 1 [125]). The 
gap 0 < z < a accounts for a nonzero 
distance of the closest approach of solvent 
molecules to the skeleton. The region of 
a < z < a + d stands for the first layer 
of solvent molecules, while z > a + d is 
the diffuse-layer region. n(z) denotes the 
profile of the density of free electrons. This 
is, of course, an extremely crude picture, 
but it eventually helps to rationalize the 
results of the various theoretical models 
and simulations. 

The integral K\\ or differential C h ca- 
pacitances of the compact layer, related to 
each other as 1 /Cr = (&/&o)[o/(K\i(cr))}, 
are extractable from the overall capacitance 
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n(z) 



Fig. 13 A cartoon of a profile of a smooth electrochemical interface. The 
half-space z < 0 is occupied by the metal ionic skeleton that, within the 
jellium model, is described as a continuum of positive charge density 
(n+) and the dielectric constant due to bound electrons (eb) , the value of 
which lies typically between 1 and 2. The gap accounts for a finite distance 
of closest approach of solvent molecules to the skeleton; the gap is 
determined by the balance of forces that attract the molecules to the 
metal and the Pauli repulsion of the closed shells of the molecules from 
the free electron cloud of the metal of density n(z). The regions 
a < z < a + d and z > a + d correspond, respectively, to the first layer of 
solvent molecules (which can be roughly characterized by 
charge-dependent effective dielectric constant) and the diffuse-layer part. 


of the interface via for example, the PZ 
plots [37] or other methods discussed in 
this chapter. To the accuracy of exponen- 
tially small terms, they can be written as: 


1 _ _c^_ 

AttK\\ Za e(rr) 

1 dn d 
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d(erZcr) 1 
dcr ’ £*(er) 


d " a 
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Here the d/£(er) -contribution is due to 
the potential drop across the first layer 
of solvent molecules, where the effective 
dielectric constant s(a) takes into account 
the nonlinear dielectric polarizability of 
the layer. Thus in order to understand 
the a -dependence of the compact-layer 
capacitance, it is sufficient to understand 
the er-dependence of a — z a and d/e(cr). 

Different microscopic models of the 
interface may be classified with regards 
to these dependencies (see Ref. [107]). 


Here, we just refer to the behavior that 
explains the systematic trend for all s,p- 
metals [126] - the positive slope of the 
capacitance near the p.z.c., shown Fig. 14. 

Such a behavior was first found in 
Refs. [127, 128] by density functional 
simulation. Here, for clarity, the degrees 
of freedom of the molecular reorientations 
in the first layer were frozen, that is, 
£(er) = const. The peculiar a(cr) behavior 
is determined by two main effects. The 
first effect is asymmetric with respect to 
p.z.c. That is, the position of the solvent 
molecules that are “sitting on the tail” 
of free electrons follows the deformation 
of the tail. With negative charging the 
profile swells out of the metal skeleton 
and a increases; with positive charging the 
profile moves back towards the metal and a 
decreases. The second effect is symmetric 
with respect to the p.z.c. Any capacitor 
with a flexible distance between the plates 
will contract upon charging regardless of 
the sign of the charge. The combination 
of these two effects results in the negative 
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Fig. 14 A sketch of the charge dependence of the distance of closest approach 
of solvent molecules to the skeleton, a, the center of mass of the excess charge 
distribution, z CT , and the corresponding plots for the integral capacitance of the 
compact layer, /<h- In the case of “soft landing” of the molecule onto the metal 
skeleton edge (dashed curves), the spike in the capacitance transforms into a 
hump. 


slope of a (cr) near the p.z.c. (which is 
typically steeper than the slope of z„) and 
the maximum in the cathodic range. At 
some positive charge, denoted here as er s , 
a will reach zero and will stop changing 
with further increase of er, because the 
molecules will encounter the edge of 
the metal skeleton. The stop would not 
be abrupt (solid curve), but soft (dashed 
curve) if the skeleton were not a hard 
wall for solvent molecules. The simplest 
approximation for a (a) is 

fl(cr) = [a(O) — Aa — Ba 2 ], 

A > 0, B > 0 (62) 

The difference between a {a) and z a 
(Fig. 14) leads to /6 h(o 0 plots that are 
in line with the data for simple met- 
als (Figs. 15 and 16), (for review and 
references, see Ref. [88]) in contact with 
surface-inactive electrolytes; the slope at 
the p.z.c. is positive, the minimum lies in 
the cathodic range and a kind of a spike, 
which might be apprehended as a hump, 
takes place in the anodic range. 

Of course there could be other reasons 
for the hump. In the molecular models 
of the compact layer (see Sect. 2.1.8), they 


were attributed to the nonlinear response 
of molecular reorientations that were so 
far frozen in order to make clear the 
mere effect of a(o) and z a - In terms 
of Eq. (60), that would mean that e(er) ^ 
const. For the simplest two-state molecular 
models, it has a bell-shaped form, the 
maximum of which is expected in the 
cathodic range. The hump is, however, 
observed in the anodic range. Since 
the (a(o) — z a ) -determined “background” 
curve is properly asymmetric, a bell of e(er) 
centered near the p.z.c. will be seen as a 
hump in the anodic range. 

Is the smeared “stop-spike” for 
(Fig. 14) what we see for a hump on 
the measured capacitance curve, or is it 
screened by molecular reorientations? We 
don’t know that. Moreover, the specific 
adsorption of ions, which was assumed 
absent, can give rise to a hump too. 
Somehow this feature is interesting be- 
cause of its quantum-mechanical origin 
and direct dependence on the nature of the 
metal. The more densely packed the metal 
surface, the more abrupt the stop, the 
sharper the spike. Open surfaces should 
favor “soft landing” and the hump would 
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Fig. 15 Metal effect on the compact-layer differential capacity: the 
series Hg, Bi, InGa alloy, Ga. Data from Refs. [129-132], 



||iC cm -2 ] 


Fig. 16 Metal effect on the compact-layer differential capacity: the 
series Hg, Cd, polycrystalline Ag. Data from Refs. [35, 133, 134], 


be smoother. For single-crystalline sur- 
faces, the spikes should be sharper than 
for liquid metals, in which the interface 
undergoes fluctuations, and for uneven 
polycrystalline surfaces, in which inhomo- 
geneous broadening may take place. The 
higher the bulk electron density of the 


metal, the denser the electronic tail, and 
the stronger the repulsion of the molecules 
from it. Higher positive charges will be 
needed to press the solvent to the skele- 
ton and ff s will move farther to the anodic 
range. This is what we see, if we compare 
Ga and Hg. 



In contrast to what was suggested in 
an early “swing” and” slide” model [135], 
there is no simple relation between the 
slope of A!h(ct) and n+ (for details see 
Refs. [107, 126]). 

Models of this “flexible capacitor” came 
across negative values of the calculated 
C h(o 0. The reasons for that exotic effect 
(not necessarily an artifact!) have been 
discussed in detail in reviews [107, 121, 
136]. 

2.1 .9.3 Optical Response and the 
Interfacial Structure 

In the early 1980s, phenomenological 
electrodynamics of smooth interfaces 
was developed with a capability to pa- 
rameterize the main types of electro- 
modulated optical signals. The signals 
were expressed through "irreducible in- 
tegrals” of the nonlocal response func- 
tion, which characterizes the interface 
in the optical frequency range. This 
had opened opportunities for model 
microscopic theories that could calculate or 
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approximate the response function, spec- 
ify the irreducible integrals, and rationalize 
their dependence on the charge of the 
metal and frequency (for review see [107, 
137-140]). 

At planar interfaces there are four main 
types of linear optical signals that are de- 
tected by different techniques. Three of 
them are related to reflection and one 
to attenuated total reflection. In reflection 
methods the basic measurable parameters 
are related to r p and r s - the complex am- 
plitudes of the reflection coefficients of the 
light polarized parallel (p) and perpendic- 
ular ( s ) to the incidence plane, respectively 
(Fig. 17). These are reflection coefficient 
R S ( P ) = \r s ( P )\ 2 , phase of reflected light 
&s(p) = (l/2i) lnfrqpj/rqp)}, ellipsometric 
parameters \[r = tan -1 \r p /r s \ and A = 

S p — S s . In attenuated total reflection, by 
measuring the frequency position of the 
dip in reflection coefficient as a function 
of the angle of incidence, one detects the 
dependence of the surface plasmon fre- 
quency on the wave-vector, u>(K \\ ). 



Electrolyte 


Fig. 17 The geometry of electromagnetic wave reflection 
experiments: (z, x) is the incidence plane, and 6 is the angle of 
incidence. 
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The modulation technique is based 
on the application of a potential E = 
Eq + SE sin(f2r), where 8E —*■ 0 and 12 
is smaller than all the characteris- 
tic frequencies at this interface. Mea- 
suring the 12-harmonics of the sig- 
nals, for example, r s(p) = r s(p) \ E =E 0 + 
(dr s(p) /dE\ E =Eo) SEsin(Qt), gives the 
precise value of the derivative over po- 
tential (if there is no singularity at 
E = Eq). The four types of modulation 
spectroscopy therefore give din (R S ( P ))/dE 
(electroreflectance), d8 s ( P )/dE (electro- 
modulation of reflected phase), di/f/d E 
and dA/d£ (electromodulated ellipsom- 
etry), and a>(K\\ , E) (potential-induced sur- 
face-plasmon shift). The potential mod- 
ulation allows to separate a contribution 
of the microscopic interfacial layer from 
the signal. Though different equipment is 
needed to register these signals, a unified 
electrodynamic theory exists for their pa- 
rameterization [137-140]. The interested 
reader is referred to Ref. [107] for a sum- 
mary of results of this theory and to see 
how far can one proceed with microscopic 
models in the interpretation of the po- 
tential dependence of all the mentioned 
signals. Here, we will draw one simple 
example - electroreflectance of 5 -polarized 
light [141]. 

As it was shown in Ref. [141] in a Drude- 
like model of the metal and the model of 
the interface sketched in Fig. 13 


d(ln R s ) „ 1 

— = C4a>- cos 6 

aE c en + 


d a 1 

(£<x> - 1) j f £oo - Ime b 

der en + 


x ImeM + (RefiM ~ £oo)Ime b 

1 


(£oo - Ree M ) 2 + (Ime M ) 2 


(63) 


where C is the capacitance of the 
metal -electrolyte interface, Soo is the bulk 
optical dielectric constant of the solution, 
£m (fi>) is the bulk optical dielectric constant 
of the metal, and £ b («) — 1 is the high fre- 
quency contribution to it, which comes 
from bound electrons of the skeleton. 
When (da /der) = 0, this formula reduces 
to the well-known Aspnes and McIntyre re- 
sult [142], which tells us that the potential 
dependence of the s -polarized electrore- 
flectance signal should follow the C(E ) 
plot. However, this is not observed exper- 
imentally. It is known that for a number 
of systems the signal may even change 
sign with the variation of E. Equation (63) 
can easily explain this effect by chang- 
ing the sign of (da/drr) = 0. Experimental 
data of Ref. [143, 144] were used to extract 
da /der [141, 145] together with the data for 
optical constants of In and Pb from the 
literature. 

Since the optical constants were not 
measured in situ in the same experiments 
the results may be considered as a rough 
evaluation only (for the same reason 
the independence of extracted values for 
da /der on a> was not checked). Somehow 
the results shown in Fig. 18 seem to 
be in line with general expectations of 
the interfacial relaxation theory sketched 
in the upper corner of the figure; the 
meaningfulness of the obtained absolute 
values (for In, 1 gC causes a variation of a 
by 0.26 a.u.) is discussed in Ref. [145]. 

The results for Pb [145], however, caused 
debates [107]. This electrode is not the best 
candidate for probing the plasma free elec- 
tron properties. Single electron interband 
transitions for Pb lie in the low frequency 
part (~2 eV) of the spectrum. On the other 
hand, the data on potential dependent elec- 
troreflectance [144] were reported at one 
relatively low frequency (1.96 eV) where an 
interference between single electron and 
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Fig. 18 The evaluated interfacial relaxation, extracted from the data on 
s-polarized electroreflectance, as a function of electrode potential. The 
insert plots show schematically, the shape of the a(o) and da(o)/do 
curves for parabolic approximation (Eq. (62)). 


plasma contributions maybe expected. For 
more on this interference, see in Ref. [107]. 

Simple jellium-model concepts also 
helped to understand the potential de- 
pendence of a nonlinear optical signal 
from the electrochemical interface - the 
second harmonic generation [146, 147], 
and of the frequency of surface plasmon 
resonance [148, 149]. In both cases, the 
effect of field-induced adsorption of an- 
ions at positive charges of the electrodes 
was rationalized. An application of the 
“inverted” Lang model [107] revealed the 


compression of the surface electronic pro- 
file under the adsorbed anions. The greater 
the field-induced adsorption, the stronger 
the compression, and this affects the signal 
in line with experimental observations. 

In this section, we have focused on 
the qualitative features of the response of 
the metal -electrolyte interface to charging 
rather than on first principle calculations 
of the absolute values of the parameters 
that characterize the interface, about which 
one can learn more in Refs. [107, 124]. 
Such calculations, however, are often 
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insufficiently paid back, due to the lack 
of precise knowledge of the solvent effect 
on the metal surface electronic properties. 
Refs. [150, 151] show what a “resistance” 
the steps towards “improving” the picture 
of this interaction encounter. 

2 . 1.10 

Effects of the Molecular Nature of 
Electrolyte Solutions 

The “real” electrochemical double layer 
is not a simple arrangement of capacitors 
with concomitant potentials and fields, but 
it consists of “real” atomic and molecu- 
lar ions and of a vast number of solvent 
molecules, all of which have a finite size 
and whose arrangement depends as much 
on the interatomic and intermolecular in- 
teractions as on external electric fields and 
potentials. In addition, molecular ions pos- 
sess a very specific and asymmetric charge 
distribution. Owing to their (chemical) 
interactions with the metallic phase the 
charge of all ions can also depend to some 
extent on its distance from the metal sur- 
face (see previous text). Furthermore, polar 
solvent molecules possess a permanent 
dipole moment and higher electrostatic 
moments, that lead to lateral interactions 
between them, which in turn, render the 
simple picture of the solvent as a dielectric 
continuum or n-state dipole models (see 
Sect. 2. 1.8.2) inappropriate; protic solvents 
such as water and alcohols have, in addi- 
tion, the capability to form directional yet 
fluctuating hydrogen bonds that give rise 
to specific structural arrangements of the 
solvent molecules relative to each other 
and in the solvation sphere around ions. 
These arrangements, in turn, can either 
enhance or counteract the orientational 
influence due to the electronic structure 
and surface charge (or potential) of the 
metal. 


The simplest model that goes beyond the 
Debye-Hiickel and GC theories of point 
ions and takes into account the finite size 
of ions is the so-called primitive model. 
Here, ions are described as simple hard 
spheres and the solvent is approximated 
by a dielectric continuum. An even more 
special case is the so-called restricted 
primitive model, in which both ions have 
the same size. 

Various attempts have been made in go- 
ing beyond the primitive models towards 
civilized models. In the most simple of 
such extensions, called the solvent-primitive 
model [152], the solvent is still treated as 
a dielectric continuum. In addition, in- 
dividual solvent molecules are treated as 
hard spheres. This takes into account the 
molecular nature of the solvent in but the 
crudest fashion. Replacing the description 
of the solvent from dielectric continuum 
by molecular point dipoles at the cen- 
ter of soft spheres representing solvent 
molecules (the Stockmayer model) leads 
to the ion-dipole models. Various extensions 
of these models incorporate higher-order 
electrostatic moments (up to octupole mo- 
ments [153]) and molecular polarizability 
for the description of the solvent bound 
charge density. 

In order to understand ionic distribu- 
tions in the EDL a realistic description 
of hydration or, more generally, solva- 
tion phenomena is necessary, which in 
protic liquids implies an adequate descrip- 
tion of the hydrogen-bond network. Theory 
and computer simulation of bulk liquids 
showed that the most efficient way to in- 
clude these properties into the models 
is via distributed charge models in which 
the intramolecular charge distribution is 
represented by several point charges. The 
point charges are adjusted to reproduce ex- 
perimental dipole and/or quadrupole mo- 
ments of the molecule, the bulk structure 



of the liquid, or various other properties. 
For the ubiquitous solvent water, the sim- 
plest models treat water as a rigid three-site 
molecule in its gas phase geometry with 
partial charges on oxygen and hydrogen 
sites. Ions are described as charged soft 
spheres with a point charge at their center. 
Molecular and ionic size is maintained 
through Lennard-Jones interactions or 
similar potential functions in an attempt to 
describe short-range exchange correlation 
and long-range dispersion interactions. 
Hydrogen bonding and hydration are pro- 
duced by these models through the balance 
between electrostatic and nonelectrostatic 
interactions. In addition to these simple 
rigid three-site models many more so- 
phisticated flexible and polarizable water 
and ion models have been developed. The 
importance of the dipolar nature of the 
solvent and of the interactions between 
solvent and electrode were recognized 
in the double-layer model by Bockris, 
Devanathan, and Muller [154]. Water “hy- 
drates” the electrode, which is regarded 
as a giant ion, and so contributes to the 
electric fields near the interface. 

Molecular computer simulations are the 
method of choice when it comes to in- 
vestigating molecular models like the one 
discussed earlier, both in the bulk and at 
interfaces. Contrary to analytical theories, 
simulation methods can treat a variety of 
different models on the same statistical- 
mechanical footing, without mathemati- 
cally mandated approximations that can- 
not be rigorously justified and/or tested. 
In fact, computer simulations have been 
used as computer experiments to verify or 
falsify theoretical work. 

In addition to explicitly accounting for 
the molecular nature of electrolyte solu- 
tions near the EDL, computer simulations 
can also be used towards realistic model- 
ing of the metal part of the electrochemical 
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interface. Simple models of the metal are 
hard walls with image interactions that 
account, in a very simplistic way, for the 
electronic properties of the metal. This 
model is nonspecific for the chemical 
identity of the metal. The jellium model 
incorporates the chemical identity of the 
metal in the form of the density of free 
electrons and ionic skeleton pseudopoten- 
tials; it models the electronic spillover effect 
into the liquid phase (see Sect. 2. 1.9.1). 
Several interaction models employed in 
computer simulations are chemically spe- 
cific, that is, they have been developed 
for a specific metal and/or surface ge- 
ometry. These models may or may not 
be based on quantum-chemical calcula- 
tions of the interaction between water 
molecules or ions and a small cluster 
(or an extended periodic slab) of ions. A 
widely used model has been the model of 
the Platinum(100)-water interface [155]. 

It consists of a flexible atomic represen- 
tation of the metallic phase, of surface 
corrugation through site-dependent water- 
platinum interactions, and a description 
of the orientational anisotropy via specific 
chemical interactions between the oxygen 
atom of a water molecule and the plat- 
inum metal. This model has been extended 
to the (111) and other surfaces; a similar 
model has been used for mercury-water 
interactions [156, 157]. 

In spite of the fact that rather sophisti- 
cated models can be treated, several lim- 
itations of computer simulation methods 
such as Monte Carlo (MC) or Molecular 
Dynamics (MD) limit their use in interfa- 
cial electrochemistry: 

• The spatial and concentration inhomo- 
geneities of the EDL are large. This 
requires the simulation of large sys- 
tems at high electrolyte concentrations. 
Dynamic processes near the interface 
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occur on a much longer time scale 
than the inherent fluctuations of the 
hydrogen-bond network and the hydra- 
tion shell, or they are very rare, which 
mandates long simulation times. Even 
with present-day computer resources, 
the requirements of large system size 
and long simulation times are hard to 
reconcile. 

• Simulations with molecular solvent de- 
scription can only be performed in 
the concentration range above about 
0.5 mol/liter, much higher than the 
concentrations of many electrochemi- 
cal experiments. 

• Simulations of the EDL structure 
around surface defects and thus the 
modeling of real interfaces is almost 
impossible, both because of the large 
system size involved and because of 
insufficient knowledge of the electronic 
structure around these defects, and thus 
the lack of suitable interaction poten- 
tials. 

• MC and MD are methods of statistical 
mechanics. The quality of the results de- 
pends on the extent to which the phase 
space of the system can be sampled. At 
best the statistical error of a simulation 
decreases only slowly of the order of the 
square root of the computational effort; 
at worst, the phase space contains bot- 
tlenecks, making ergodicity impossible 
to achieve. 

• Reliable and accurate potential energy 
surfaces on the basis of quantum 
chemistry for the interaction between 
molecules and ions with the metal 
surface are still very scarce. Especially, 
cluster calculations fail to reach the 
limit in which the cluster of metal atoms 
begins to exhibit metallic properties. 
Methods based on periodic slabs appear 
to be more promising for the future; to 


date, only few calculations have been 
performed [158]. 

• The use of classical simulations on the 
basis of the Born-Oppenheimer ap- 
proximation is problematic when deal- 
ing with metals, even in the absence 
of electrochemical reactions involving 
the transfer of electrons, which can cer- 
tainly not be approximated by classical 
mechanics. 

• Ab initio simulation methods (like 
the Car-Parrinello method) are cur- 
rently so much limited in system size 
(typically substantially less than 200 
atoms) and simulation time (a few pi- 
coseconds), that they have only been 
applied to vacuum systems, for ex- 
ample, to the investigation of molec- 
ular and dissociative adsorption of 
water on a magnesium oxide sur- 
face [159, 160], and not to an en- 
tire metal-solution interface. However, 
these methods hold substantial promise 
for the future. 

In spite of these shortcomings, simulation 
methods have nevertheless substantially 
contributed to our understanding of the 
double layer because of their ability to 
describe: 

• Packing effects like the formation of 
distinct layers of solvent molecules 
and ions; 

• The formation of a hydrogen-bond 
network in protic solvents such as 
water; 

• Orientational structure and its change 
near charged and uncharged surfaces; 

• Hydration of ions; 

• Diffusion and reorientational dynam- 
ics; 

• Solvent effects on the chemical dynam- 
ics of ion transfer, ET and several other 
electrochemical reactions. 



One of the goals of applying molec- 
ular simulation to the electrochemical 
double layer is, of course a molecular 
interpretation of capacitance data (see 
Sects. 5 and 6). Because of the above- 
mentioned limitations of the method, 
progress in this field has been rather lim- 
ited. Henderson and coworkers recently 
studied the properties of the electrochemi- 
cal double layer both at high ionic concen- 
trations (a model of the molten salt-metal 
interface) and at low ionic concentrations 
(modeling the double layer of an elec- 
trolyte solution) by MC calculations. They 
showed, with the primitive model, that at 
low temperatures the double-layer capac- 
itance decreases with decreasing temper- 
atures. This behavior was observed both 
for the low-concentration electrolyte solu- 
tion [161] and for the molten salt case [162]. 
In their studies, they were only able to cal- 
culate the integral capacitance at the point 
of zero charge. GC theory without (GC) 
and with a Stern layer (GCS) as well as 
the mean spherical approximation (MSA), 
on the other hand, predicts a monotonous 
decrease of double-layer capacitance with 
temperature. The primitive model MC data 
showed that the capacitance versus tem- 
perature curve goes, at least at lower ion 
densities, through a maximum and that 
at high temperature, analytical theories and 
MC experiment agree well. The primitive 
model simulations thus indicate that ion 
size-dependent effects become important, 
thus limiting the range of applicability of 
the analytical theories of sizeless ions to 
the high-temperature regime. 

At high electrolyte concentrations, the 
primitive model simulations clearly ex- 
hibit the importance of ion size in the 
form of oscillatory density and charge 
profiles in the vicinity of charged sur- 
faces [162]. The MC adsorption isotherm 
T = / J2, [ Pi (z.) - / 0 ,-]dz, where p t (z) is the 
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density profile and p ; - is the bulk value, 
z the distance from the charged surface 
and i runs over all ion species, shows 
drying at low density and exhibits a maxi- 
mum in the range of the critical density of 
the bulk electrolyte [161]. With increasing 
surface charge density, ionic adsorption 
passes from negative to positive. 

MC simulations of the solvent primitive 
model [163] show, not surprisingly, that 
the double-layer capacity increases with in- 
creasing electrolyte concentration and also 
with increasing solvent concentration. At 
the same time, with increasing solvent con- 
centration, the ionic density profiles pass 
from nonoscillatory to oscillatory behav- 
ior, a common feature of dense systems. 
Furthermore, at low surface charge densi- 
ties the contact value of the charge density 
increases and a passage between partial 
drying (at low solvent concentration) and 
partial wetting of the surface by the elec- 
trolyte is observed with increasing solvent 
density. The temperature dependence is 
such that the ion adsorption is nega- 
tive at low temperature and positive at 
high temperature. The negative ion ad- 
sorption at low temperature becomes less 
pronounced with increasing particle den- 
sity. The behavior can be explained by the 
fact that electrostatic ion-ion interactions 
dominate at low temperature; whereas the 
excluded volume effect of the solvent is 
more important at higher temperature. 

Extending these studies to ion-dipole 
mixtures in which a background dielectric 
constant is replaced by fluctuating solvent 
point dipoles, leads to “practical nonergodic- 
ity” due to the formation of clusters and/or 
strings of particles [164], 

Computer simulations of “realistic” 
models of water, ions, and metal surfaces 
also suffer from nonergodicity problems; 
however, they are able to paint a very de- 
tailed picture of the microscopic liquid 
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structure near a metal electrode and near 
a liquid-liquid interface. Models of the in- 
terface range from simple image charge 
models [165] through jellium models [166] 
to complex potential energy functions 
derived from quantum-chemical calcu- 
lations [167, 168] of clusters of metal 
atoms interacting with water molecules. 
These studies have been reviewed re- 
cently [169-171]. Only some key results 
are discussed in the following text, and 
the interested reader should consult the 
reviews and the references therein for fur- 
ther information. 

Figure 19 shows as an example the data 
from a simulation of TIP4P water that 
is confined on both sides by a rhombo- 
hedral mercury crystal with (111) surface 
structure. Bosio and coworkers [172] de- 
duced from their x-ray studies that a solid 
a-mercury lattice with a larger lattice con- 
stant in z direction may be used as a 
good structural model for liquid mercury. 
Thus the mercury phase was modeled as 
a rigid crystal, in order to simplify the 
simulations. The surface of such a crystal 
shows rather low corrugation. Figure 19a 
contains the oxygen and hydrogen den- 
sity profiles. As a result of the significant 
adsorption energy of water on transition 
metal surfaces (typically of the order of 20 
to 50kjmol _1 ; see, e. g. Ref. [173]), pro- 
nounced density oscillations are observed 
next to the metal. Between three and four 
water layers have also been identified in 
most simulations near uncharged metal 
surfaces, depending on the model and on 
statistical accuracy. Beyond about 10-12 A 
from the surface the density is typically 
constant and equal to the bulk value. In 
strong unscreened electric fields, several 
authors [174-177] report a phase transi- 
tion towards a ferroelectric crystalline state 
in their simulations. However, the rather 


artificial character of these systems should 
be kept in mind. 

The charge density profile and the dipole 
density profile can be calculated from the 
atomic density profiles and the orienta- 
tional distributions. Figures 19b and 19c 
show the dipole and charge density, respec- 
tively, for water near the mercury surface. 
For both the first and the second water 
layers, a quadrupolar charge profile with al- 
ternating regions of positive, negative, and 
again positive charge density is observed. 
The form of the charge profiles originates 
from the fact that the centers of mass (or 
the oxygen atom) of the water molecules 
are mostly well localized, while the hydro- 
gen density distribution is broadened as a 
result of librational motions and as a result 
of the hydrogen bonding between layers. 
Beyond the second layers the charge den- 
sity approaches zero within the limits of 
statistical uncertainty. The dipole density 
profile indicates ordered dipoles in the ad- 
sorbate layer. The orientation is largely due 
to the anisotropy of the water-metal inter- 
action potential in this particular model, 
which favors configurations in which the 
oxygen atom is closer to the surface. Most 
quantum-chemical calculations of water 
near metal surfaces to date predict a sig- 
nificant preference of “oxygen-down” con- 
figurations over “hydrogen-down” ones 
at zero electric field (e. g.. Ref. [168, 
178-183]). The dipole orientation in the 
second layer is only weakly anisotropic (see 
also Fig. 20). Solving the one-dimensional 
Poisson equation with the charge density 
profile pc(z) (Fig. 19d), the electrostatic 
potential drop near the interface can be 
calculated according to 

X(z) = —4 7z f p c (z') ■ ( z - z) d z' 

J — OO 


( 64 ) 
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Fig. 20 Left side: Orientational distribution of 
the molecular dipole moment on uncharged 
Hg(l 1 1). Cos(0 M ) is the cosine of the angle 
between the water dipole vector and the surface 
normal that points into the water phase. Panels a 
to p on the left are sampled from the distance 
intervals that are indicated by the cuts through 

It has been demonstrated in Ref. [184, 
185] that the use of the Ewald sum- 
mation is crucial to obtain the field- 
free bulk region of constant electrostatic 


- 0.6 - 0.2 0.2 
cos d^ 

the density profile p scaled to its bulk value. 

Right side: Orientational distributions of 
adsorbed water molecules for various 
homogeneous surface charge densities, a , which 
are given in units of |iC cm“ 2 on the graphs. 

Data are from simulations of 700 TIP4P water 
molecules between Hg(lll) surfaces. 

potential in the center of the lam- 
ina. 

Lateral density fluctuations are mostly 
confined to the adsorbed water layer. In the 






first layer the oxygen distribution shows 
the structure of the substrate lattice. In the 
second layer the distribution is more or 
less isotropic. As a consequence, oxygen 
motion is predominantly oscillatory rather 
than diffusive in the first layer. Con- 
sequently, the self-diffusion coefficient 
in the adsorbate layer is strongly re- 
duced compared to the second or third 
layer [186-189]. It was concluded that the 
motion in the first layer is characteristic of 
a solid phase, while the motion in the sec- 
ond layer has more liquid-like character. 
The liquid-liquid water-mercury inter- 
face has also been studied [190]. The major 
difference of the water structure between 
the liquid- solid and the liquid-liquid in- 
terface is due to the capillary width of 
the liquid mercury surface, which smears 
out the water-density profiles consider- 
ably [191, 192], 

The orientational structure of water near 
a metal surface has obvious consequences 
for the electrostatic potential across an in- 
terface, since any orientational anisotropy 
creates an electric field that interacts with 
the metal electrons. Hydrogen bonds are 
formed mainly within the adsorbate layer 
but also between the adsorbate and the 
second layer. The left side of Fig. 20 shows 
the orientational distribution of the molec- 
ular dipole moment, relative to the surface, 
normal in various distance ranges from the 
Hg(lll) surface. Additionally, the oxygen 
density profile is plotted. The baselines be- 
tween distribution functions cut through 
the density profile. The distribution func- 
tion in each panel on the left side is for 
the subset of molecules that are located in 
the distance range between these lines on 
the right side. Over the first peak in the 
density profiles (panels a to d), there are al- 
most no molecules whose dipole moment 
is perpendicular to the surface, as would 
be expected for an isolated molecule on 
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the basis of the water-metal interaction 
potential. Within the adsorbate layer, there 
is a transition from the preference for ori- 
entations in which the dipoles point more 
or less into the solution (a and b) to one 
where a substantial fraction of the dipoles 
point more or less towards the surface (c 
and d). The orientational anisotropy ranges 
as far into the liquid phase as the density 
inhomogeneities do (roughly up to panel 
m), with increasingly less pronounced 
features. Slightly beyond the second max- 
imum in the density profile the orienta- 
tional distribution is isotropic, as it has to 
be the case for a bulk-like liquid. Thus, 
like in the case of nonpolar surfaces, the 
orientational distribution is governed by 
water-water interactions. All orientational 
distributions are rather wide and liquid- 
like, although the fact that the orientational 
preference changes within the adsorbate 
layer is sometimes attributed to ice-like 
structural elements near the interface (see 
Ref. [193] for a more detailed discussion). 

An external electric field changes the ori- 
entational distribution and consequently 
the orientational polarization of the water 
molecules in the interfacial region. The ef- 
fect of homogeneous [174, 175, 194-197] 
and inhomogeneous [198] electric fields on 
the orientational distribution near smooth 
model surfaces has been investigated us- 
ing lattice models [197] and distributed 
point charge models for water. Also the 
field-induced changes on the more realis- 
tic Pt(100) surface were studied [176, 199, 
200]. Because of the absence of free ions 
in these simulations of pure water the 
electric field is only screened by the wa- 
ter dipoles themselves; consequently a net 
electric field and a concomitant polariza- 
tion persist through the lamina. At large 
field strengths, this has been found to 
lead to a field-induced phase transition 
to a crystalline water phase [174-176]. The 
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right part of Fig. 20 shows the orientational 
distribution of the dipole moment vectors 
in the adsorbed water layer for various sur- 
face charge densities, a . In the field-free 
case a wide bimodal-orientational distribu- 
tion is observed. The overall preference of 
“oxygen down” bonding is manifest in the 
larger probability to find positive values 
of cos (0) (corresponding to angles smaller 
than 90° between dipole vector and the 
surface normal that points into the liquid 
phase) than to find negative ones. For pos- 
itive surface charges, the average dipole 
moment (the first moment of the distribu- 
tion) shifts with increasing surface charge 
density towards larger absolute values and 
the distribution becomes increasingly nar- 
rower. For low negative surface charge 
densities, the dipole-orientational distri- 
bution becomes more symmetric around 
the parallel orientation. At larger negative 
surface charge densities, the orientational 
distribution changes in such a way that the 
hydrogen atoms point preferentially to the 
surface. The effect of field-induced crys- 
tallization was observed at much higher 
surface charges [176]. The surface X-ray 
experiments by Toney and coworkers [201] 
give experimental evidence for voltage de- 
pendent ordering of water on a silver 
electrode. They observed a shift of the 
silver-oxygen distance with applied poten- 
tial. However, they also made a debated 
conclusion a strong increase in local water 
density near the surface, while MD data 
suggest only an increase in correlation but 
not in overall packing density. 

Several simulation studies of the poten- 
tial of mean force of a single ion near 
a metal surface have been performed, 
with image charge models and quantum- 
chemical models of the metal [202-211], 
With the image charge models, only the 
larger halide ions are contact adsorbed, 
whereas small ions such as Li + and F“ 


are not contact adsorbed, Cl - being a 
borderline case. Calculations on the ba- 
sis of quantum-chemical potentials [167, 
191] show contact adsorption for almost 
all ions, although a detailed analysis of 
the local structures around these ions re- 
vealed characteristic differences between 
large and small ions. 

The first simulation studies of full 
double layers with molecular models of 
ions and solvent were performed by 
Philpott and coworkers [212, 213] for the 
NaCl solution. The authors studied the 
screening of a negative surface charge by 
free ions in several highly concentrated 
NaCl solutions. A combination of (9-3) LJ 
potential and image charges was used to 
describe the metal surface. More recently, 
Spohr [214, 215] investigated the 2.2 molal 
NaCl and CsF solutions in the vicinity of a 
corrugated surface as a function of surface 
charge density. In a similar manner the 
interface between a 1 M KC1 solution and a 
mercury electrode was studied by Dimitrov 
and Raev [216]. 

In the studies of Ref. [214, 215], which 
will be discussed in some more detail, wa- 
ter films consisting of 400 water molecules 
solvate 32 ions in the vicinity of the metal 
surface, with image charges and a full 2D 
Ewald treatment for the Coulomb interac- 
tions. Like in the studies by Philpott and 
coworkers, the solution is not necessarily 
electroneutral; the total charge in the so- 
lution is balanced by the image charges, 
which give rise to a surface charge density 
a equal to the excess image charge divided 
by the area of the interface. 

Figure 21 shows the ion density profiles 
near the metal surface for three surface 
charges. Beyond z = 15 A all ion density 
profiles are identical within the limits 
of statistical errors. The oxygen density 
profile does not change much with surface 
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charge and is repeated here only to 
provide a geometric reference for the ion 
positions. Together with the ion densities 
the running integrals of the densities, 
defined as 

N ion (z) = B x B y r P (z')dz' (65) 
Jo 

are plotted for cations (full lines) and 
anions (dashed lines). B x = B y = 18 A are 
the box dimensions parallel to the interface 
and p is the particle number density. 

Figure 21 (left) shows the ion density 
distributions of NaCl in the vicinity of 
the metal electrode. Near the uncharged 
electrode, there are no pronounced adsorp- 
tion maxima. The density of Na + (full line) 
is slightly increased in the range around 
z = 4.3A between the first and second 
density maximum of water. The Cl - den- 
sity (dashed line) is significantly reduced 
up to about z = 5 A. There is no contact ad- 
sorption of Na + , since no cations are found 
for j < 2.8 A, while water molecules can be 
found up to z = 2 A. Cl“ ions, on the other 
hand, can be found (with low probability) 
at distances below 2.3 A. 

At positive surface charge density, the 
Cl - density exhibits a large maximum at 
very short distance from the electrode. 
The position of this maximum is closer 
to the electrode than that of the first 
water layer, thus giving a clear indica- 
tion of contact adsorption of this anion. 
The Na + density near the electrode is 
slightly reduced as a result of the re- 
pulsion between the positively charged 
cations and the positively charged sur- 
face. The position of the first maximum 
of the Na + density profile is not shifted 
very much. 

At negative surface charge density, the 
Na+ density exhibits a large maximum 
at around z = 4 A. This position is very 
similar to the one at vanishing and positive 


surface charge densities. Obviously, with 
the models used in this study, Na+ does 
not contact-adsorb. The Cl - density profile 
at cr = — 10 pC cm -2 is similar to the one 
at er = 0. 

The monotonically increasing curves of 
the running integrals give the number of 
ions, whose distance from the electrode 
is smaller than z. The position at which 
the difference between the anion and 
cation running integral becomes 0 (for 
the uncharged surface) or ±2 (for the 
charged surfaces) corresponds roughly to 
the thickness of the diffuse part of the 
double layer. This thickness is less than 
10 A in all cases. 

Figure 21 (right) shows the correspond- 
ing density profiles for the CsF solutions. 
At zero surface charge, there is very little 
contact adsorption of Cs + and no contact 
adsorption of F~. The preferred position of 
the Cs + ions is in the second water layer, 
while F _ ions prefer the region between 
two water layers, similar to Na + . At posi- 
tive surface charge densities, the amount 
of F _ in the interlayer region increases, 
but no contact adsorption is observed. No 
Cs + cations are found in the first layer. At 
the negative surface charge density, Cs + 
forms a contact-adsorbed layer, similar to 
Cl - at the positive surface charge. The 
thickness of the diffuse layer is also in 
the range of 10 A, judging from the be- 
havior of the running integral of the ion 
density. 

No contact adsorption occurs in the 
simulations on uncharged electrodes. The 
small ions Na + and F _ do not adsorb 
directly on the electrode surface at mod- 
erate negative and positive surface charge 
densities, respectively. These ions form 
rather rigid hydration shells consisting of 
six or seven water molecules and favor 
the interlayer region between the first and 
second water layer, in which they can 



form stable hydration shells. However, 
the large ions Cs + and Cl - exhibit con- 
tact adsorption when their interaction 
with the surface charge density becomes 
attractive. 

From the ion density profiles, it is 
obvious that the surface charge is screened 
within less than 10 A. Thus the thickness 
of the diffuse layer is of the same order 
of magnitude as the one derived from the 
Debye length (ro = 2.1 A at 2.2 mol/liter), 
in spite of the invalidity of the GC theory 
at these high concentrations. The results 
clearly show the correlation between the 
strength of the hydration forces and 
the preferred positions of the various 
ions relative to charged and uncharged 
electrode surfaces. 

Solvent effects on chemical reactions 
are presently being studied intensively by 
molecular computer simulation methods. 
Outer sphere ET (e. g. Ref. [217-228]), ion 
transfer [229-232], proton transfer [233], 
and bondbreaking [234, 235] are among 
the reactions studied near electrodes and 
liquid-liquid interfaces. Much of this work 
has been reviewed recently [170, 236, 237] 
and will therefore not be discussed here. 
All studies involve the calculation of a free 
energy profile as a function of a spatial or 
a collective solvent coordinate. 

2 . 1.11 

Ionic Adsorption 

2.1.11.1 Qualitative Aspects 

In the general meaning of this term, 
adsorption of a solution component means 
any perturbation of its concentration 
within the interphase, Ci(j), compared 
with its value in the bulk phase, cf . Its 
intensity is characterized by the integral 
value of this perturbation, which is called 
the adsorption of this component: 
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rOO 

n = / [Ci(z)-Ci°]dz (66) 

Jzc 

Here, coordinate z is normal to the inter- 
face, and the integration is performed over 
the whole perturbed region. An important 
point in this formula is the lower integra- 
tion limit, zq, corresponding to the choice 
of the “phase boundary”, whose attribu- 
tion is not self-evident. This ambiguity of 
the definition (66) is removed by the ther- 
modynamics of charged interfaces based 
on the Gibbs electrocapillary equation (67) : 

dy = - J2 r ; dpj (67) 

i 

where y is the interfacial energy, /x^ 
the electrochemical potential of the com- 
ponent j (the value of fij is identical 
in the bulk medium and within the 
interphase, in view of the thermody- 
namic equilibrium); summation includes 
all components of the phases in contact. 

The variations of different electrochemical 
potentials in Eq. (67) are not independent; 
in the bulk phase they are coupled by 
the Gibbs -Duhem identity. If the elec- 
trochemical potentials of all components 
j, except for component i and solvent s, 
are kept constant, Eq. (67) leads to the 
relation: 



keeping fij = constant, j ^ i, s 

(68) 

The multiplier Ni/N s in this equation rep- 
resents the ratio of moles of components i 
and s in the bulk phase, or the ratio of their 
molar fractions. The resulting quantity, 
T ' , which is called the (Gibbs) adsorption 
of component i with respect to component 
s (or the relative interfacial excess of com- 
ponent i), is already independent of the 
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choice of the “phase boundary”, zg ■ The 
latter is often chosen in the way to make the 
solvent adsorption zero, r s = 0; then, both 
quantities become identical, r ; ! s> = F,-. In 
dilute solutions the so-defined position of 
the separation plane is close to the physi- 
cal boundary between the electrode and the 
adjacent solvent layer, being practically in- 
dependent of the electrolyte concentration. 

Let us consider first a surface-inactive 
solution, whose properties have already 
been outlined in Sects. 2.1.3 to 2.1.6. By 
definition, this term means that the com- 
pact layer is solely composed of solvent 
molecules. The distribution of compo- 
nents within the diffuse layer is deter- 
mined mostly by the electrostatic forces. If 
the image forces (see Sect. 2.1.11.3) can be 
disregarded the concentrations of solute 
species, ionic or neutral, at the p.z.c. are 
identical to their bulk values, and the in- 
tegral (66) over the diffuse layer vanishes. 
Inside the compact layer the concentra- 
tion, Cj(z), is zero, and the integration 
in (66) yields Eq. (12) for the Gibbs ad- 
sorption of surface-inactive components, 
F± = — zhc, which allows one to measure 
the thickness of the ion-free layer of the 
solvent, zh - 

For nonzero charges of the electrode, 
a f 0, the distribution of ions across 
the diffuse layer is governed by the self- 
consistent electric potential, for example, 
given by the formulas of the GC theory 
given in Sect. 2. 1.4.2. In particular, for a 
binary 1 : —1 electrolyte, this model yields 
for the adsorption of surface-inactive ions: 

r± = -z H c- (1 / 2e) 

x [or* ± or - (a 2 + a 2 ) 1 / 2 ] (69) 

F is the Faraday constant, c the electrolyte 
concentration, and a * is the characteristic 
charge defined by Eq. (18). 


The estimates show that the charge- 
independent term in Eq. (69) is only 
noticeable for not too dilute solutions, 
about 1 M or higher. For lower elec- 
trolyte concentrations, it can be mostly 
disregarded. The other terms in Eq. (69) 
represent monotonous functions of the 
electrode charge, with the anion/cation 
contribution being dominant for suffi- 
ciently positive/negative values. 

The behavior, that the electrolyte is sur- 
face-inactive with respect to an interface 
over a wide range of potentials includ- 
ing the p.z.c., represents a rare exception, 
while the majority of solute ion and neu- 
tral species demonstrate specific adsorption, 
that is, they significantly penetrate the 
compact layer. However, the existence of 
at least one surface-inactive electrolyte MA 
for a particular metal-solvent interface 
provides very important advantages for 
the further study of the surface activity 
of other species. First, the measurements 
in pure MA solutions allow one to de- 
termine the background characteristics of 
the metal-solvent interface, including the 
value of the p.z.c. and the compact-layer 
capacitance curve (see Sects. 2. 1.2-2. 1.4). 
Then, further studies (e.g. of the adsorp- 
tion of anion A') are performed in mixed 
electrolyte solutions, MA + MA', possess- 
ing a constant ionic strength but a variable 
fraction of anions A' [238, 239]. If the prop- 
erties of these two anions inside the diffuse 
layer are sufficiently close, the variation of 
the interfacial energy, y, with the fraction 
of anions A' enables one to determine the 
specific adsorption of these anions, that is, 
its amount inside the compact layer, T^, , 
rather than the overall interfacial excess of 
these species, T that appears in Eqs. (67) 
and (68). 

Alternatively a study can be realized 
for binary electrolyte solutions, MA', at 
varying concentrations [24] that provide, 



in favorable cases, the same information. 
However, the specific adsorption of A' 
must vanish at sufficiently high (but still 
experimentally available) negative elec- 
trode potentials, so that the capacitance 
curves for the MA and MA' solutions 
at identical concentrations coincide. This 
condition is necessary for the back- 
integration operation, thereby allowing the 
calculation of the charge-potential depen- 
dence for MA' solutions. Besides, one has 
to subtract the diffuse-layer adsorption of 
A', r ( l\ from its overall adsorption, which 
is based on the formula (69) in which 
the electrode charge, a, is replaced by 
the sum, 0 + 0 - 1,01 = za'cV^, 1 being the 
charge of A' inside the compact layer, and 
Za’ the charge valence of anions A'. As 
one can conclude from the analysis in 
Sect. 2. 1.5.1, the charge dependence pre- 
dicted by this formula cannot be verified 
from existing experimental data for high 
electrode charges, so that the separation of 
the overall adsorption value into the diffuse 
and compact-layer contributions becomes 
ambiguous. 

These measurements enable one to de- 
termine the (specific) adsorption isotherm, 
that is, the dependence of the interfacial 
excess of the species on their concentra- 
tion in the bulk phase, F^(ca). For a 
constant value of the bulk concentration, 
its adsorption also depends on the electri- 
cal variable, for example, on the electrode 
potential E. In mixed electrolytes, this pro- 
cess is also affected by the overall ionic 
strength, in particular via the diffuse-layer 
structure. In more complicated cases a 
combined specific adsorption is observed, 
that is, the compact layer contains (besides 
the solvent) species of different kinds, for 
example, both cations and anions. 

Generally the specific adsorption at the 
surface of s,p-metals from protic solvents 
is more pronounced for anions than for 
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cations. In particular, the alkali cations 
are almost surface-inactive, except for 
the interval of sufficiently high negative 
electrode charges, where the adsorption 
of Cs + is most noticeable (see also 
Sect. 2.1.10). However, even for this case 
the adsorption is weak, that is, the charge 
of their specific adsorption, cr\, is less than 
the absolute value of the electrode charge, 
a , that is, the charge of the diffuse layer 
has the opposite sign compared to the 
electrode charge, and the distribution of 
the average potential across the interphase 
is given by a monotonous function. 

Anion adsorption possesses quite differ- 
ent features. For most anions, the specific 
adsorption is only absent for sufficiently 
high negative electrode charges. The 
diminution of this charge results in a rapid 
increase of the amount of anions inside the 
compact layer, even before the p.z.c. of the 
system is reached. For the zero charge of 
the electrode, the EDL is formed by the an- 
ions inside the compact layer and the coun- 
tercharge in the diffuse layer. It means a 
shift of the corresponding electrode poten- 
tial, that is, the p.z.c., in the negative direc- 
tion, the value being correlated with the in- 
tensity of the anion specific adsorption. For 
their adsorption at the positively charged 
metal surfaces, one observes the recharg- 
ing effect-, the absolute value of the anion 
charge, o\, exceeds the electrode charge so 
that the diffuse layer should be charged pos- 
itively. It leads to a nonmonotonous profile 
of the electric potential across the inter- 
phase, with important consequences for 
the phenomena determined by the diffuse- 
layer effects, Sect. 2.1.5. 

Data on ionic adsorption are available for 
numerous systems, see for example, [34, 
240-245]. One can see that the surface 
coverage by adsorbed ions (adsorption 
values with respect to their maximum 
level corresponding to the completely 
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covered surface) is mostly much lower 
than 1 for mercury and “mercury-like” 
metals, even at high electrode charges. 
This limitation arises from a strong 
repulsive interaction of the electrostatic 
origin between adsorbed ions. On the 
other hand, the adsorption may approach a 
complete coverage in some other systems, 
for example, for halides adsorption at the 
silver surface [246], which implies that the 
ions have practically lost their charge in 
the transition to their adsorbed state, so 
that this process resembles the adsorption 
of neutral organic molecules, in which 
the complete coverage of the surface is 
often reached. Similar pronounced charge 
transfer from adsorbed ions to the metal 
takes place for many transition metals. 

Despite of this charge transfer many 
of these systems may be treated as 
“ideally polarizable electrodes,” if the 
adsorbed species are not transformed 
into a different component present inside 
the bulk phase. The latter condition is 
violated, for example, in the hydrogen 
adsorption at metals of the platinum group 
in which the adsorbed hydrogen atoms 
can be in equilibrium with protons in 
solution and hydrogen molecules in gas 
phase or hydrogen dissolved inside the 
metal. The latter system corresponds to 
perfectly polarizable electrodes, see Ref. [13] 
for further discussion. 

Another possible complication may arise 
from a slow approach to the thermody- 
namic equilibrium leading to hysteresis 
phenomena, which are also typical for 
many transition metals. 

2.1 .1 1 .2 Ion Adsorption Models 

For metals of the mercury group, one 
can distinguish different regions in the 
ion adsorption isotherms. For sufficiently 
low bulk concentrations (which may be 
too low to be studied experimentally), the 


adsorption obeys the Henri isotherm, that 
is, the amount of ions inside the compact 
layer is proportional to the bulk con- 
centration. At higher concentrations the 
adsorption increases much more slowly, 
approximately like the logarithm of the 
concentration. The behavior in both re- 
gions is influenced by the electrode poten- 
tial and the ionic strength of the solution. 

In the further discussion of the modeling 
of the adsorption isotherms, T(c), it is 
assumed that the contribution of the 
diffuse-layer adsorption, F (2 \ is already 
subtracted or simply disregarded, that is, 
the symbol F will be used for the amount 
of specifically adsorbed species (called r (1) 
in Sect. 2.1.11.1). 

Generally the expression for this depen- 
dence should be derived from the equality 
of the electrochemical potential of the ion 
in the adsorbed state and in the bulk 
solution: 

h'adslf') = hsol(^) (70a) 

In most cases the solution is sufficiently 
dilute to use the ideal-solution approxima- 
tion for the bulk value, 

/x so l (c) = k%T ln(wc) + constant (70b) 

m being molar fraction of the surface- 
active ion in the mixed electrolyte, and 
c the overall concentration (m = 1 for the 
binary electrolyte) . On the other hand the 
approximation for the /x a( j s (T) dependence 
must take into account the interactions 
between the adsorbed ions, that is, the 
change of the energy to transfer an ion 
from the bulk solution to the adsorbed 
state as a function of the adsorption level. 

The first theory of ion adsorption was 
proposed by Stern [247]. His results can 
be obtained from Eq. (70a) if the elec- 
trochemical potential of the ion in the 
adsorbed state is represented as the 



sum of the entropy term (with account 
of the saturation term) and the work to 
transfer the ion from the bulk solution 
into the adsorbed state in the average field 
of the EDL: 


ads — ^ B T In 


(fmax r)_ 

+ £i<?< Pgc + constant 


(71) 
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predicted by the Stern theory. For zero elec- 
trode charge, the average potential in the 
adsorption plane (tpcc in Eq. (72)) is equal 
to the electrode potential (at the p.z.c.), 

E a= o. Then the derivation of the Eq. (72) 
leads to an inequality: 


/ _ZiC_\ d E a=0 
\ A'b T ) d In c 


(73) 


Z\_e is the charge of the species. Stern as- 
sumed the location of the adsorption ion 
at the outer Helmholtz plane separating 
the compact and diffuse layer, so that the 
potential in the work term in Eq. (71) 
corresponds to the potential difference 
across the diffuse layer. The combination 
of Eqs. (70a) and (71) gives Stern’s expres- 
sion for the adsorption isotherm from a 
binary electrolyte solution for the case of a 
single ionic species being accumulated in 
the adsorbed state: 

-(Wads +ZjgyGc) ' 
k*T 

(72) 

where “the potential of specific adsorp- 
tion” lT a( j s originated from the constant 
terms in Eq. (70b) and (71) which re- 
flect the nonelectrostatic contributions to 
the energy of transfer into the adsorbed 
state, for example, the partial desolvation 
of the ion. 

This model allows one to explain such 
qualitative features of the phenomenon as 
the drastic (exponential) dependence of F 
on the electrode charge, as well as the ex- 
istence of the aforementioned two regions 
in the F(c) variation. However, a more 
detailed experimental study has revealed 
serious deviations from the predictions 
of Eq. (72). For many ions, one can ob- 
serve the effect of Esin and Markov [248], 
a stronger shift of the p.z.c. with the vari- 
ation of the bulk concentration than it is 


However, the experimental data show 
that the left-hand-site quantity exceeds 
significantly its upper limit, 1. 

This “paradox” (which remains unre- 
solved even if the adsorption plane is 
shifted into the compact layer) represented 
a strong stimulus for the development 
of the ion adsorption theory. It was 
shown [249] that it originated from the cal- 
culation of the work term in Eq. (71) as an 
average potential in the adsorption plane. 
The qualitative explanation of experimen- 
tal observations can be achieved, if one 
takes into account that the transfer of the 
ion into the adsorption site is accompanied 
by a redistribution of the other adsorbed 
ions that creates a "hole” for it with the 
diminished repulsive potential. This in- 
applicability of the approximation of the 
uniform distribution of the adsorbed ion 
charge along the plane is called discreteness- 
of-charge effects, which must be taken into 
account in the theory of this phenomenon. 

Another crucial factor is an ade- 
quate inclusion of these diffuse-layer and 
discreteness-of-charge effects into the 
model, which play a marked role if the over- 
all electrolyte concentration is well below 
1 M. It is why the adsorption parameters 
found by the interpretation of experimen- 
tal data with the use of various isotherms 
derived mostly for uncharged species 
(Flory- Huggins, Frumkin, Temkin, etc) 
may strongly deviate from their proper 
values. 


(T max r ) 


= cexp 
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The aforementioned diffuse-layer and 
discreteness-of-charge effects have been 
taken into consideration in the 
model proposed by Grahame and 
Parsons [26, 250-252]. First, it was 
assumed (unlike in the Stern model) that 
the specifically adsorbed ions were located 
at the distance from the metal surface (in 
“the inner Helmholtz plane”) ensuring 
their maximum bond strength, owing to 
the combination of forces of electrostatic 
and quantum-mechanical origins. It shows 
the need for the partial or even complete 
desolvation of the adsorbed species and 
its deep penetration into the compact 
layer. The position of this adsorption plane 
depends on all components of the system, 
metal, solvent, and adsorbed ion. 

The second modification compared to 
the Stern theory was the introduction 
of “the discreteness-of-charge factor”, X. 
The electrostatic part of the work of ion 
transfer from the bulk solution into the 
adsorption plane across the EDL field in 
Stern’s approximation may be represented 
as the sum of the contributions of the 
compact and diffuse layers: 

Wedl = Zie(tpi - tpcc) + Zieipcc 

= Zie(cr + eril/Co -1 + Zje<p GC 

(74) 

In the second expression in this formula, 
the potential difference across the exter- 
nal part of the compact layer is replaced 
by the sum of the electrode and specifi- 
cally adsorbed charges, with the coefficient 
inversely proportional to the integral ca- 
pacitance of “the external part of the com- 
pact layer”, Ko, that is, between the inner 
(adsorption plane) and outer (diffuse-layer 
boundary) Helmholtz planes. 

To take into account the adjustment of 
the distribution of the previously adsorbed 
ions inside the adsorption plane in order 


to minimize the total energy of the system 
after the insertion of an additional ion, 
the term in Eq. (74) dependent on the 
charge of the specific adsorption, eri, was 
diminished by “the discreteness-of-charge 
factor”, X, the value of which should 
lie between 0 and 1. In the original 
formulation by Grahame, this factor was 
expressed through the ratio of Ko and the 
capacitance of the whole compact layer, 
Ku in Eq. (19). Later, its value was treated 
as an unknown parameter to be found 
from the fitting of theoretical predictions 
to experimental data. 

The use of the thus modified Eq. (74) 
and the equality of the electrochemical 
potentials (70a) lead to the adsorption 
isotherm: 


( Pec ~ 

In (me) = lnT + 2ST + Zi e— + ln/3 

A'b T 

\np = \nfi 0 +z,e^-K 0 (75) 

krT 


B = Zi 2 e 2 


2 k B T 


Ko 


Here the coefficient, B, is called attraction 
constant, in analogy with the correspond- 
ing factor in the Frumkin adsorption 
isotherm. However, it has got the oppo- 
site sign, that is, it reflects the repulsion 
between the adsorbed species, the am- 
plitude of which is diminished owing to 
the relaxation of the adsorbed ion ensem- 
ble (factor X). The entropy term for the 
adsorption state is taken without the “sat- 
uration term”, compare Eqs. (71) and (72), 
since the charging degree for s,p-metals is 
mostly very low with respect to the com- 
plete coverage. 

The expression (75) represents a virial 
isotherm for the T(c) dependence, with 
a correction for the diffuse-layer effect, 
if the electrical variable is kept constant. 
Unlike the case of the Frumkin isotherm 
in which it was the electrode potential, the 



Grahame- Parsons isotherm uses the elec- 
trode charge, a, whose value influences 
the parameter, /3, related to the standard 
adsorption energy. Equation (75) predicts 
that the isotherms for different electrode 
charges must be congruent. 

This isotherm was used successfully to 
interpret experimental data for adsorp- 
tion of various simple inorganic ions, 
including weak specific adsorption of 
cations. At the same time, significant 
deviations have been observed for some 
other systems, especially for low sur- 
face coverages as well as for the surface 
recharge by adsorbed anions. Moreover, 
in some cases in which the predictions 
of Eq. (75) were formally in accordance 
with experimental data, the values of the 
“discreteness-of-charge factor”, X, were 
found outside the expected interval, nega- 
tive or exceeding 1. 

Another shortcoming of this model 
is the absence of its derivation from 
the theory based on the analysis of the 
statistical-mechanical properties of the 
ensemble of adsorbed ions. Progress in 
the latter direction is discussed in the next 
subsection. 

All these approaches disregard the effect 
of the gradual change of the dielectric 
properties of the compact layer as a 
consequence of the replacement of the 
solvent molecules in it by the adsorbed 
species. This approximation limits the 
applicability of such theories to moderate 
adsorption and to adsorbed species of a 
small size. In the opposite case of large 
ions (especially, those of organic type), 
this effect may become predominant even 
for sufficiently low adsorption charges. 
In the simplest approximation, one may 
accept a linear dependence of the compact- 
layer capacitance on the charge of the 
specific adsorption, such as in the model 
proposed by Kolotyrkin, Alexeyev, and 
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Popov [253]. Further discussion on this 
development is given in Chapter 3.1 of 
this volume. 


2.1 .1 1 .3 Image Potential for Ions in the 
Diffuse or Compact Layer 

Within the framework of the GCSG treat- 
ment (Sect. 2.1.4) the ion concentration 
across the diffuse layer is governed by 
the Boltzmann distribution in the aver- 
age electric field created by the electrode 
charge (plus the charge of the specifically 
adsorbed ions in the general case), and the 
ion countercharges in the diffuse layer: 


Ci(z) = q 0 exp 


-Ziey(z) \ 

hT ) 


(76) 


This formula implies that the presence of 
a particular ion at point z does not disturb 
this potential distribution. In reality, it is 
only valid as a zero order approximation. 
A more accurate formula contains an 
additional factor: 


Ci(z) = c;° exp 


/ -Zjetp(z) 

V k B T 


WimCzA 

kBT ) 
(77) 


where the “image potential” Wi m (z) repre- 
sents the difference between the energies 
of the whole system if the additional ion of 
type i is added either at point z or in the 
bulk solution, as a source of the external 
field for the rest of the system. Since this 
quantity is related to a single ion, expression 
(77) contains the Boltzmann constant, k b. 

Within the diffuse layer the domi- 
nant contribution is given by forces of 
electrostatic origin, analogous to the De- 
bye- Huckel ion atmosphere around each 
charge species in the bulk solution. It 
was assumed frequently on the intuitive 
ground that the image potential in Eq. (77) 
related to the location of the ion in the 
vicinity of the metal may be modeled by 
its expression for a charged species in the 



TOO | 2 Electrochemical Double Layers 

dielectric medium near its boundary with 
a conductor: 



The negative sign in this formula means 
an attraction of the ion to the surface, in 
particular an accumulation of the ions in- 
side the diffuse layer near the uncharged 
metal surface (at the p.z.c.). However, 
a more substantiated analysis has dis- 
proved this conclusion completely, see re- 
views [89, 254, 255] and references therein. 

Let us consider first an idealized case 
of the uncharged metal in contact with the 
solvent without any electrolyte. The expres- 
sion for the image potential within a wide 
range of the ion-metal distances (except for 
the close vicinity to the compact-layer sur- 
face) can be derived without specifying the 
particular form of the dielectric properties 
of the media in contact, solvent and metal, 
including their defect structure within the 
interphasial region (compact layer). The 
only assumption on these properties of the 
media and the interface is the existence of 
a thin layer within the interphase having 
a lowered value of the effective dielectric 
constant. The analysis of Sect. 2. 1.4-2. 1.6 
shows that the capacitance data for surface- 
inactive electrolytes prove the existence of 
the compact layer, thereby justifying this 
assumption. 

Correspondingly, the profile of the 
image potential: 



E(y) = 2y exp(y) 


: dz (79) 


is only dependent on the integral char- 
acteristic of this “defective region”, the 
compact-layer capacitance, Ch, defined by 
Eq. (20), via a characteristic length, Lh 


(which already appeared earlier, for exam- 
ple, in Eq. (38a)): 

L H = (47rC H ) _1 (80) 

The value of this length can be found 
for any metal -solvent interface as soon as 
the capacitance data for a surface-inactive 
electrolyte are available; for example, it is 
about 0.3 A for the Hg-water interface. 
As in other expressions containing Lh, 
this length is multiplied by the bulk-solvent 
dielectric constant, e, which gives about 
2.4 nm for this interface. 

Equation (79) shows that Eq. (78) is 
only valid at distances from the surface 
much greater than this distance, z eLh, 
where the amplitude of the image potential 
is negligible compared with the thermal 
energy, k%T, that is, the concentration 
profile in Eq. (77) is not influenced by this 
factor. In the other interval of the distances, 
z <5C eLn (but not too close to the compact 
layer) Eq. (79) may be approximated as: 

W im (z) = (81) 

4 ez 

that is, the ion is repelled by the interface. 
This effect is explained by a stronger 
interaction of the ion with the charges 
induced inside the compact-layer region, 
which have got the same sign as the 
ion, see [254, 255] for a more detailed 
discussion. These two branches of Wi m (z) 
are separated by a minimum of purely 
electrostatic origin, whose depth depends 
on these characteristic parameters, e and 
Lh, and the species charge, z\e. 

A similar analysis has been carried out 
for an ion near the contact between a 
charged metal and an electrolyte solu- 
tion, in which the image potential pro- 
file is also a function of the electrode 
charge and the electrolyte concentration, 
Wi m (z; a, c ) [254-256]. Depending on 



these parameters, the profile, W\ m (z), may 
be a monotonous function (increasing or 
decreasing), or a curve with a minimum, 
see, for example, the numerical illustra- 
tions in Ref. [257]. 

For example, at the p.z.c. (a = 0) the 
shape of the profile depends on the ratio 
of the Debye screening length in the bulk 
solution (32), Lq, and the product eLh 
this ratio being identical to the ratio of the 
compact- and diffuse-layer capacitances, 
Cr and Cgc in Eq. (20). 

For a sufficiently low electrolyte con- 
centration (so that C h » Cgc), the pro- 
file within the interval, z Td, is close 
to its form at vanishing concentration, 
Eq. (79), in particular there are the repul- 
sion and attraction branches, Eqs. (81) and 
(78). For even larger distances from the 
metal surface (comparable with the Debye 
length), the interaction with the interface 
is screened: 

Wim(z) = -^-e~ 2z ' LD (82) 

4 ez 

More important changes take place in 
more concentrated solutions where Ch <5C 
Cgc (which means c»0.1M for the 
Hg-water interface). The profile repre- 
sents a monotonically decreasing curve 
(pure repulsion of the ion from the in- 
terface at all distances), in accordance with 
the formula: 

VFi m (z) = ( ^L e - 2z/L '> (83) 


Thus the repulsive behavior at shorter 
distances is a general feature of the image 
potential profile at the p.z.c., whereas, the 
large-distance variation depends on the 
ionic strength of the solution: 


»'>«» = % £Lf ^ 2 

4 EZ sL H + L D 

z » min(L D , sLh) (84) 
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All these results correspond to the case 
that the ion is located within the diffuse 
layer far away from the outer Helmholtz 
plane. The conclusions change drastically 
for charged species inside the compact 
layer, in particular, for specifically ad- 
sorbed ions. This interphasial region rep- 
resents a nonuniform dielectric medium 
whose effective dielectric constant, s(z), 
has got the values strongly reduced in 
comparison with those in the bulk solu- 
tion. For such systems, the interaction 
of the species with the metal or the 
diffuse-layer ions represents a minor cor- 
rection, while the dominant contribution 
to the image potential is given by the 
short-range interaction with the dielectric 
medium [258, 259]. For ions of a suffi- 
ciently small radius, r a , one can use as a 
qualitative estimate a simple formula for 
the electrostatic contribution to the image 
potential: 


Wei— stat(z) — 


fee) 2 


2 r„ 


" 1 

_e(z) 


1 

e 


(85) 


Because of lowered values of the effective 
dielectric constant inside the compact 
layer (independent of the physical reason 
leading to this reduction), the term given 
by Eq. (85) represents a strong repulsion 
of ions from this interphasial region. In 
reality, one should add the effect of the ion 
desolvation to enter this layer. 

This consideration gives an explanation 
of the existence of surface-inactive ions 
for which the attractive contribution due 
to the short-range (electron exchange) 
metal surface -ion interaction is absent 
or insufficiently strong to compensate the 
aforementioned repulsive effect. It may 
also be responsible for the strong influence 
of the iodide adsorption on the hydrogen 
evolution, despite the absence of marked 
specific adsorption of H 30 + ions [260]. 
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One can also derive analytical expres- 
sions for the variation of the image 
potential for a charged species inside 
the compact layer as a function of the 
bulk electrolyte concentration [254-256]. 
This contribution is relatively small com- 
pared with the short-range interactions, 
but its knowledge is of importance, since 
it represents the change of the single-ion 
(standard) adsorption energy with varia- 
tion of the ionic strength of the solution in 
the adsorption isotherm, see Sect. 2.1.11.6. 

2.1 .1 1 .4 Interaction Between Adsorbed 
Ions 

The deviation of the adsorption isotherm at 
a uniform electrode surface from the linear 
behavior (Henri isotherm) is related to the 
interaction between the adsorbed species. 
A substantiated derivation of its form can 
only be made on the basis of an analysis of 
the statistical-mechanical properties of the 
whole ensemble of adsorbed ions, which, 
in turn, requires the knowledge of the 
interaction potential between the ions, U, 
as a function of their distance, R, along 
the surface. This quantity is defined as 
a difference between the energies of the 
system, when these two ions are fixed at 
distance R or are very far from each other. 

There are numerous types of short- 
range interactions between adsorbed ions 
such as exchange-correlation effects, an 
overlap of their electronic cores, mutual 
polarization, interaction via the electrons 
of the metal, interaction between their 
solvation shells (which may partially be 
retained in the adsorbed state) , changing of 
the local structure of the compact layer, and 
so on. All these forces decay rapidly with 
ion-ion distances exceeding the molecular 
scale, and the electrostatic contribution 
becomes dominant. A crucially important 
feature of this long-range contribution is a 
surprisingly slow decay as a function of R, 


and it leads to fundamental consequences 
for the correlation properties of this 
ensemble as well as for the form of the 
adsorption isotherm (see Sect. 2.1.11.6). 

Intuitively, it seems to be “natural” to 
use an analog of Eq. (78) based on the same 
model of the “image charge” formed by the 
metal electrons as a response to the field 
of the adsorbed ion: 

U°(R) = (ze) 2 ( — s — tttt I 

\eR s(R 2 + 4a 2 ) 1 / 2 / 

2 

(86) 

Here, a is the distance between the center 
of the adsorbed charged species and the 
metal surface. Equation (86) predicts a 
rapid decrease of the interaction energy 
as a function of the distance between 
adsorbed ions, R, and it means that the 
ensemble of species with such interaction 
law should correspond to the one with 
short-range interactions. The uncertain 
point within this approach is to choose 
the value of the dielectric constant of the 
medium in Eq. (86), e. 

It is tempting to identify it with the value 
typical for the compact layer, which would 
mean that the interaction propagates along 
this interphasial region. However, it can 
be easily seen from simple calculations 
that the interaction energy must diminish 
exponentially (as a function of R), if the 
interaction between the charges is realized 
along the lines passing inside the compact 
layer, for example, in the model in which 
this layer is surrounded by two conducting 
media imitating the metal and the diffuse 
layer. As a result, this model cannot explain 
the very large values of the interaction 
constants observed experimentally for ion 
adsorption. The alternative attribution of 
s to the bulk-solvent value, also leads to a 
very weak interaction. 
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It will be seen from the discussion that 
follows that the electrostatic interaction 
between adsorbed ions follows quite a 
different functional form. A detailed anal- 
ysis of this problem may be found in 
reviews [89, 254, 255, 261]. 

Similar to Sect. 2.1.11.2, let us consider 
first the interaction of two charged species 
located at a small distance (atomic scale) 
from the metal-solvent interface. Once 
again, it turns out that the functional form 
of the U ( R ) dependence is only influenced 
by the same characteristic length, sLh, 
which had already appeared in Eq. (79) for 
the image potential, that is the product of 
the hulk dielectric constant of the solvent 
and the inverse value of the compact -layer 
capacitance, Eq. (80). 

The binary interaction potential, U(R), 
follows indeed the R ~ 3 law within its long- 
distance limit: 

7 7 2eLu 2 

U(R) = ( Zi e) 2 A 2 —^- (87) 

but only for very large distances between 
the adsorbed ions, R sLu. One should 
remember that this characteristic distance, 
eLn (known for each system from inde- 
pendent capacitance experiments), is well 
beyond the atomic scale, for example, it 
is about 2.4 nm for any ion adsorbed at 
the Hg-water interface. The amplitude in 
Eq. (87) is several dozen times larger than 
the value predicted by Eq. (86). 

The only parameter in the whole U(R) 
expression that is unknown from inde- 
pendent experiments is the multiplier 
A 2 , which depends on numerous factors, 
like, location of the adsorbed ion within 
the compact layer, the distribution of the 
dielectric properties across this layer (ana- 
logues of the ratio of the capacitances, 
Kh/Ko, in the Grahame- Parsons theory. 
Sect. 2.1.11.2), partial transfer of the elec- 
tronic charge by the ion in its adsorbed 


state, and so on. In the simplest model of 
the compact layer as a uniform dielectric 
slab of thickness zh and dielectric con- 
stant £h, this parameter is given by the 
formula: 

Z, d 

A = — — (88a) 

Zi zh 

where «i is the distance between the 
adsorbed ion and the metal surface (con- 
sidered in this formula as a point charge), 
z a and Zj are the charges of the ion in 
the adsorbed state and in the bulk solu- 
tion. A somewhat more general model of 
the compact layer as a nonuniform dielec- 
tric slab whose local dielectric permittivity 
depends on the normal coordinate, e(z), 
results in the formula (88b) containing the 
ratio of the “effective thickness” for the 
overall compact layer, Lh = (47tCh) _ 1 , 
and that of its “inner part” between the 
bulk metal and the adsorption plane, L\ 
(again, the charge of the adsorbed ion 
is considered here as the point charge 
localized at the distance a from the sur- 
face) [262]: 

a Za Ll u r f Zu dz 
A = — — , where L H = / — -, 

z L H J - oo e(z) 

Ll= P -^r (88b) 

J- oo e(z) 

Similar expressions can easily be de- 
rived for any particular model of the 
metal-solvent interphasial structure on 
the basis of the general formula for this 
parameter [254, 261, 263], including a spa- 
tial distribution of the electronic charge of 
the ion in the adsorbed state. Generally, 
one may expect that its value should be 
between 0 and 1. 

On the other hand, this parameter, A, 
can be found for any particular ion from 
the experimental data on its adsorption, 
see Sect. 2.1.11.6. It means that the form 
of the binary interaction potential and the 
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correlation properties of this ion ensemble 
(Sect. 2.1.11.5) can be described without 
any unknown parameters. 

Equation (87) only represents a limiting 
behavior at very large distances between 
adsorbed ions, R. There exists a wide 
range of intermediate distances in which 
the interaction potential follows quite a 
different functional law: 

U(R) = ( Zi e) 2 A 2 ^-, 

sR 

for zh <5C R <5C sLh (89) 

The crucial difference of this formula in 
comparison to Eqs. (86) and (87) is a very 
slow decrease of the interaction potential 
within this interval of R. The existence of 
this intermediate asymptotic behavior of 
U ( R ) leads to crucial consequences for the 
correlation properties of the ion ensemble. 
Sect. 2.1.11.5. 

One can demonstrate that this large 
increase of the intensity of the interaction 
is due to a specific distribution of the lines 
of the electric field created by an adsorbed 
ion. Because of a great difference between 
the effective dielectric constants in the 
compact layer and in the bulk solvent, the 
lines do not propagate along the compact 
layer. A fraction of these lines determined 
by the factor 1 — A, connect the ion with 
the charges at the metal surface. The 
remaining lines (their fraction being A) 
quit the compact layer and propagate 
outside of it at a distance R. The interaction 
given by Eqs. (87) and (89) is determined 
by the latter fraction of lines. 

A similar analysis was carried out for 
the case of an electrochemical system 
in which the ion is adsorbed at the 
charged metal -electrolyte solution inter- 
face. The derived analytical expressions 
for the interaction potential become a bit 
more complicated [89], but all the above- 
formulated qualitative conclusions remain 


unchanged, including the universal func- 
tional form of U{R) with a single unknown 
parameter, A, a high intensity of the in- 
teraction (compared to its estimates within 
oversimplified model (86)), existence ofthe 
“Coulombic” behavior ofthe potential (89) 
and so on. 

The only qualitative modification is the 
appearance of the exponential decay at 
distances exceeding the screening length 
within the diffuse layer, which was as- 
sumed to be not too short (much longer 
than the compact-layer thickness). As a 
result the interval of intermediate dis- 
tances in which the R _1 behavior is valid, 
Eq. (89), is determined by the inequalities, 
zh <5C R <5C R*, where R t is the minimum 
of the distance sL h, and the screening 
length inside the diffuse layer for the val- 
ues of its charge and the ionic strength 
of the solution, in particular, the Debye 
screening length of the bulk solution for 
the zero charge of the diffuse layer. 

The intensity of the interaction depends 
also on parameter A, whose experimen- 
tally found values for the adsorption at 
s,p-metals are not much smaller than 1 (see 
Sect. 2.1.11.6). For such systems, one can 
see that the “Bjerrum length”. Lb, where 
the interaction energy is equal to the ther- 
mal energy belongs to the aforementioned 
interval of the intermediate distances, 
zh <5C Tb « R*- The importance of such a 
sequence of characteristic distances for the 
correlation properties of the system will be 
seen in the next section. 

2.1 .1 1 .5 Statistical Mechanics of Adsorbed 
Ion Ensemble 

During an extended period the structure 
of the two-dimensional (2D) ensemble 
formed by adsorbed ions located in the 
inner Helmholtz plane was postulated on 
intuitive grounds. 



Most often, it was assumed that the ion 
distribution represents a regular 2D lattice, 
hexagonal or square, owing to the repulsive 
electrostatic forces between the ions. How- 
ever, the theoretical studies (confirmed by 
experimental data) related to a similar 2D 
one-component system of charged species, 
electrons at the surface of liquid helium, 
have shown that such a regular lattice 
becomes unstable with respect to certain 
collective motions (dislocation formation, 
etc) at extremely low temperatures, that is, 
under the conditions in which the average 
interaction energy per ion is still much 
larger than the thermal energy (contrary 
to the standard stability criterion for 3D 
lattices). The application of this stability 
condition for 2D lattices to the ensemble 
of adsorbed ions shows that the hypothet- 
ical regular lattice never formed in these 
systems by electrostatic repulsion within 
the experimental temperature range, since 
the 2D density is limited by the repulsion 
between the cores of these ions. 

Another hypothesis assumed that the 
binary interaction between ions is weak, 
so that the system could be considered 
as close to a 2D ideal gas. However, 
the analysis of the function, U(R), has 
revealed that this energy exceeds the 
thermal one up to the distance about 
R$ ~ 1 nm, that is, it is strong. 

The third popular approach was based 
on a cut-off-dislc model. According to it 
the electrostatic repulsion between the 
ions leads to the formation of an area 
around each ion practically free from 
other adsorbed ions. The size of this area 
was identified with the average distance 
between the ions, so that it was dependent 
on the 2D density, that is, on the ion 
adsorption, F (as in the previous Sects. 
2.1.11.2-2.1.11.4, this symbol is used for 
the amount of specifically adsorbed ions, 
unlike in Sect. 2.1.11.1). The results on 
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the form of the U (R) dependence in 
Sect. 2.1.11.4 confirm the existence of such 
a “cut-off-disk” but its size does not depend 
on F and is markedly different from the 
postulated values. 

These assumptions on the distribution 
of ions in the adsorption plane were com- 
bined with some expression for the binary 
interaction potential, U (R) (in most cases, 
given by Eq. (86)), to get the contribution 
from the interactions into the chemical po- 
tential of an adsorbed ion. However, the 
final results of such treatment can hardly 
be considered as reliable. 

A substantiated analysis must be based 
on the dependence of the binary interac- 
tion energy on the distance between ions, 
U(R), discussed in Sect. 2.1.11.4. Certain 
specific features of this system compared 
with usual 3D ones originate immediately 
from its two-dimensional character [264, 

265], e.g., the absence of a long-range crys- 
talline order at any finite temperature, slow 
decay of the autocorrelation function of the 
species velocity in the long time limit, and 
so forth. 

Additional effects arise from the modifi- 
cation of the form of the binary interaction 
energy, U(R), for the ions at the interface, 
compared to the one in the bulk solution. 

One of the most important effects is the 
great intensity of this interaction, for ex- 
ample, Eqs. (87) and (89), which may in 
certain cases be stronger than the same 
characteristic in the bulk phase (dielec- 
tric or solution). Another crucial feature 
is a slow decrease of this interaction, 

U ~ R _1 , in the intermediate range of 
the distances, sh <5C R R*, with a much 
steeper diminution outside at greater dis- 
tances, Eqs. (89) and (87), correspondingly. 

This combination makes it impossible to 
apply standard approaches of statistical 
mechanics derived separately for systems 
with a strong short-range or weak long-range 
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binary interaction potential. Besides, one 
must take into account the screening prop- 
erties of the diffuse layer, which depend 
markedly on the electrode charge and ion 
force of the solution. 

The statistical-mechanical analysis of 
correlation properties of such an ion 
ensemble at the uniform metal surface 
was performed in Ref. [266], see also 
reviews [254, 255, 261, 267]. There are 
two characteristic values of the 2D den- 
sity, T = r* ~ OtLb-R *) -1 and F = Tb ~ 
corresponding to the intervals: 
0.05-0.5 nm -2 and 0.5-2 nm" 2 , respec- 
tively. 

Owing to the rapid decrease of the 
interaction potential at large distances, the 
system behaves like a 2D dilute gas with 
a weak interaction between the species 
if the surface coverage is extremely low, 
F <§C T*. The virial expansion may be used 
to determine all energetic and correlation 
characteristics. However, the coefficients 
of this virial expansion turned out to be 
very large (compared with their estimates 
with the use of the Bjerrum length). As 
a result a noticeable repulsion between 
adsorbed ions in the intermediate distance 
range takes place already at very low ion 
densities, T ~ T*. 

Within this transitional interval of den- 
sities, T ~ T*, the correlation properties 
of the system are subject to a gradual 
change. For lower coverages, the princi- 
pal contribution to the average interaction 
energy is due to pair “collisions” of ions. 
On the contrary, at higher densities, F i$> 
T*, new collective plasma-like excitations 
arise, leading to the screening of the inter- 
actions at the distance Rp. This new 2D 
screening length depends on the density 
of the system, Rp ~ (T Lb) -1 , that is, the 
increase of the coverage results in a more 
effective screening. Thus the correlation 
properties of this ensemble within this 


interval are close to those of a 2D one- 
component plasma, despite the absence 
of the R~ 1 behavior of U(R) at very long 
distances. It would be of great interest in 
the future to perform experimental studies 
of these predictions with the use of small- 
angle scattering techniques, in particular 
of the anomalous behavior at small Fourier 
vectors owing to the plasma correlations. 

At even higher system density, F ~ Tb, 
the interaction energy between a pair of 
adsorbed ions located at the average dis- 
tance becomes comparable to the thermal 
energy, k%T. Then the properties of the 
system correspond to those of a 2D ir- 
regular condensed state. Ultimately, when 
approaching the monolayer coverage de- 
termined by the short-range repulsion of 
ion cores or/and their solvating shells, a 
typical 2D “solid” is formed, which rep- 
resents a crystal lattice possessing a quasi 
long-range ordering. 

2.1 .1 1 .6 Ion Adsorption Isotherm 

In a surprising contrast to this complicated 
picture for the correlation properties of the 
ensemble of adsorbed ions (Sect. 2.1.11.5), 
the same analysis has resulted in a very 
simple formula for the average interaction 
energy, that is, for the contribution to the 
chemical potential of adsorbed ions, /ri nt , 
which is given as a linear function of the 
coverage over the whole range of surface 
coverages: 

/x a( } s = k%T In T + /Xjnt + constant, 

Mint = 2vTk B T (90) 

The coefficient in this linear relation serves 
as an analogue of the attraction con- 
stant in the Frumkin isotherm (with the 
minus sign) or the constant B in the 
Grahame- Parsons isotherm (75). How- 
ever, unlike these models, in which this 
term as well as its dependence on the 



electrical variable (see following text) were 
introduced phenomenologically, Eq. (90) 
was derived on the basis of the binary 
interaction potential, U(R), so that the 
constant, v, is related immediately to this 
characteristic: 



(91) 


The introduction of the expression for 
the binary interaction potential discussed 
in Sect. 2.1.11.4 into this equation leads 
to the formula (92) for the “repulsion 
constant”, v : 


A 2 ti, v 


2 2 
zfe 


2ZcbT(Ch + Cqc) 


(92) 


In this formula the coefficient, v, is 
represented as a product of the factor 
A 2 introduced in Sect. 2.1.11.4, and a 
function of the compact- and diffuse-layer 
capacitances (the GC expression for the 
latter, Eq. (21a), has been used in this 
derivation). 

The combination of Eq. (70a) and (90) 
results in the adsorption isotherm (93) for 
a mixed electrolyte solution [267, 268]: 


In (me) = 


Wads 

kvT 


+ In T + 2i>T 


(93) 


where VE ads is the single-ion adsorption 
energy corresponding to the energy of ion 
transfer to the surface in the absence of 
other adsorbed ions. 

Similar to several other models, isotherm 
(93) has the virial form, with a linear de- 
pendence in the interaction term. The 
essential difference between them is re- 
lated to another driving parameter of the 
system, which is called the electrical vari- 
able and which characterizes the state 
of the electrode while the bulk concen- 
tration of “active” species changes. The 
Frumkin isotherm is valid for a fixed 
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electrode potential, the adsorption energy 
and the attraction “constant” as functions 
of this variable being modeled by the sim- 
plest approximation (linear or quadratic). 

In the theory of Grahame and Parsons, 

Eq. (75), it is the electrode charge. 

According to the derivation of isotherm 
(93), the ions are transferred into the 
adsorbed state at a fixed value of the 
electrode potential, E, so that the parameters 
of the isotherm, VE ads and v, depend on 
this variable, as well as on the overall bulk 
concentration, c, in the case of the mixed 
electrolyte: 

W ads = Wedl + W im c + W ads °, 

Wedl = Zi e(E - <Pgc)(1 — A) 

+ zie<PGcA (94) 

In other words, the single-ion adsorp- 
tion energy is represented as the sum 
of the EDL term (compare Eq. (74)), 
the image potential as a function of 
the electrolyte concentration, VEi m c = 

W[ m (z; a, c) — Wi m (z; a, 0) and the stan- 
dard adsorption energy, VE ads °. The an- 
alytical expression for W lra c is given in 
Ref. [256, 267, 268], All these expressions 
including the capacitances in Eq. (92) and 
the diffuse-layer potential difference, tpcc, 
in Eq. (94) depend on the electrode po- 
tential; these dependences correspond to 
zero specific adsorption so that they should 
be taken from experimental data for the 
surface-inactive electrolyte. 

After this treatment the isotherm only 
contains two microscopic parameters of 
the adsorbed ion, whose values cannot 
be measured without experiments on 
its specific adsorption, and A, 

which may generally be dependent on 
the electrode potential. The theoretical 
expression for A (in particular, its simplest 
form (88a)) shows that its value is expected 
to be between 0 and 1; it should diminish, 
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if the ion is located closer to the electrode 
surface or/and at a greater charge transfer 
from the ion to the metal (i.e. if the 
adsorption is stronger). 

Thus the derived isotherm has got a 
very simple final form, with a minimum 
number of fitting parameters, less than in 
the other approaches used to interpret data 
for ionic adsorption. 

If the adsorption is measured as a func- 
tion of the bulk concentration for different 
values of the electrode potential, F (c, E), 
then the parameters in Eq. (93), VF a d s and 
v, can be easily found by fitting for each 
potential, then their values may be used to 
determine the fundamental characteristics 
of the adsorbed ion, VF a< i s 0 and A, without 
any further uncertainties. However, the 


determination of experimental values of F 
on the basis of the capacitance (or elec- 
trode charge, or interfacial tension for liq- 
uid electrodes) measurements requires to 
perform the operation of the graphical dif- 
ferentiation of the curves for the interfacial 
energy,y (E,m,c) (for mixed electrolyte so- 
lutions), with respect to the solution com- 
position, In /« or Inc (see Sect. 2.1.11.1). 

This graphical differentiation can be 
avoided, owing to the particular form of 
the isotherm (93), which has allowed one 
to derive an analytical relation between y 
and m [261, 267, 269]. Then the fitting first 
provides the values of lV a( j s and v, and 
from that VF a< i s 0 and A are obtained. 

This method has been successfully 
applied to analyze the ion adsorption 


v 


[cm 2 pC” 1 ] 



Fig. 22 Experimental values of the “repulsion constant”, i/, i n 
isotherm (93) for iodide adsorption at Bi-water interface (points are 
shown with their dispersion) as a function of the electrode potential 
in the rational scale, <p = E — E a= o ■ The theoretical curve (solid 
line) was calculated from Eq. (92) for A = 0.71 with the use of 
experimental data for the compact- and diffuse-layer capacitances 
of the same interface in a surface-inactive electrolyte solution. 



from mixed electrolyte solutions in the 
systems [261, 267, 270, 271], namely, 
Bi/H 2 0— 1“, InGa/H 2 0-r, InGa/H 2 0 
— Br - , Hg/ethylene glycole— Cs + , Hg / 
propylene glycole— Cs+, Hg/H 2 0— Cl - , 
and so forth. These systems were chosen 
to verify the theoretical predictions for the 
form of the adsorption isotherm as well 
as for the dependence of the values of its 
parameters, VB a( j s 0 and A, on the properties 
of the metal, solvent, and adsorbed ion 
(both cations and anions). 

The results of this treatment of the data 
for the first of these systems are pre- 
sented in Figs. 22 and 23. One should 
note that the earlier application of the 
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Grahame- Parsons isotherm to interpret 
these data was unsuccessful, despite a 
greater number of fitting parameters. The 
analysis with the use of isotherm (93) 
gave the values of the intermediate pa- 
rameters, v and W a( j s , which are shown 
in these figures as a function of the 
electrode potential in the rational scale, 
tp = E — E a= o. The experimental disper- 
sion in the thus obtained values of v 
is indicated for each point. It increases 
strongly at negative potentials since the 
coverages are much lower in this range 
and the precision of the determination of 
the interaction parameter becomes much 
lower. 



Fig. 23 Dependences of the total single-ion adsorption energy, 
WadsABf" (curve 1), and of the sum ofthe “specific” and image 
contributions, (W ac | s 0 + W'j m c )//cBT(curve 2) for the system, 
Bi/tTO— I - , as a function of the electrode potential, 
i p = E — E a= o- The values of V/ a( j s were found from the fitting of 
isotherm (93) to experimental adsorption data for each electrode 
potential. Then the values of W ac | s ° + Wj m c were obtained with 
the use of Eq. (94) and the data for surface-inactive electrolyte 
solutions. The EDL term, Wedl, was calculated for the same value 
ofthe adsorption parameter, A = 0.71, see Fig. 22. 
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Then the value of A was determined 
from the experimental point for the most 
positive potential, with the use of the value 
of v found from Eq. (92) and experimental 
data for the Bi-water interface in the 
background electrolyte solution. This value 
was used to calculate, already without any 
unknown parameter, the whole theoretical 
curve for v (Fig. 22) as well as for 
VT a ds° + VFi m c (Fig. 23) as functions of <p. 

One can notice that a constant value of A 
is sufficient to reach an agreement with all 
experimental points for v, within their dis- 
persion, which is very small for the positive 
potential range. Similarly the single-ion ad- 
sorption energy (after removal of its EDL 
component) is practically constant within 
the same range of potentials. Thus, in 
accordance with expectations, the micro- 
scopic characteristics of the adsorbed ion, 
I“, do not change markedly in this region 
of electrode potentials, despite the change 
of the electric field created by the charged 
metal surface. 

The data at high negative potentials 
show a significant reduction of the ad- 
sorption energy with the potential. It also 
corresponds to the qualitative expectations 
concerning the weaker bonding of an an- 
ion at negatively charged metal surface. 

Similar results have been obtained for 
the other systems listed in the preceding 
text. In particular, the values of the “re- 
pulsion constant”, v, were found within 
the limits of 0.6 and 3.5 nm 2 per ad- 
sorbed ion. These results represent an 
additional confirmation of the predic- 
tion of strong intensity and long-range 
of the binary interaction potential dis- 
cussed in Sect. 2.1.11.4. One should keep 
in mind that the attempt to interpret the 
same experimental data with the use of 
the “single-image” expression (86) would 
result in the values of the ion-metal dis- 
tance, well beyond the usual length of 


chemical bonds. It confirms the principal 
conclusion of S ect. 2.1.11.4 concerning the 
binary interaction potential, namely, that 
the dominant role is played by the inter- 
action along the field lines passing across 
the diffuse layer, rather than those along the 
compact layer. 

The values of v for each particular system 
demonstrate a marked variation with the 
potential, which can be described by 
Eq. (92) with a constant value of A, that is, 
this dependence on the electrode potential 
is given by the theoretical expression, 
v(E, c), which does not contain any 
unknown parameter. 

As another success of the approach, one 
may notice a large variation between the 
values of v for different systems, up to 
a factor of 5, while the estimates of the 
principal microscopic parameter of the 
adsorbed ion. A, turned out to vary within 
a much more narrow range, from 0.55 to 
1.0. Moreover, all these values fall inside 
the expected interval A < 1. If one uses 
formula (88a) or (88b) to get a simple 
qualitative estimate of this parameter, one 
may conclude on the basis of these results 
that all these ions are located not too close 
to the metal surface, and that they retain 
most (if not all) of their electric charges in 
the adsorbed state, z a ~ Zi- 

Within the framework of the hypothe- 
sis that no charge transfer takes place in 
the course of the ion transition into the 
adsorbed state, the value of A for each sys- 
tem would allow one to determine the ratio 
of the capacitance between the metal sur- 
face and the adsorption plane to the overall 
compact-layer capacitance, Eq. (88b), sim- 
ilar to the Grahame- Parsons treatment 
in Sect. 2.1.11.2. (the Helmholtz- Stern 
model of the compact layer as a uniform 
dielectric slab does not correspond to the 
modern view of the interfacial structure, 
see previous sections, so that it is hardly 



possible to use Eq. (88a) to estimate the 
real distance between the adsorbed ion and 
the metal surface.) However, these adsorp- 
tion data cannot give any argument in favor 
of or against such a partial charge transfer 
in these systems, in other words, the re- 
duced value of this adsorption parameter, 
A < 1, represents generally a combined 
effect of partial charge transfer from the 
adsorbed ion to the metal and of the loca- 
tion of the adsorbed ion inside the compact 
layer, see Eq. (88b) as an illustration. 

The only exception is the case of the 
Hg-H 20 -Cl“ interface [267, 271] in which 
the A value was close to 1. It allows one 
to conclude on the absence of a notice- 
able charge loss by this ion as well as on 
close values of the characteristic lengths, 
Lh and L\ in Eq. (88b), that is, of the corre- 
sponding capacitances. However, the latter 
does not mean that the physical location 
of the adsorbed ion is close to the outer 
Helmholtz plane. There are various indi- 
rect indications (in particular, presented in 
previous sections) that the effective dielec- 
tric permittivity, s(z), is quite nonuniform 
across the “compact layer”, its lower values 
being within the “tail” of the metal elec- 
trons while the external part of the compact 
layer possesses a much higher permittivity 
(but still much lower than the one in the 
bulk solvent). Then the adsorbed ion can 
be localized at the distance of 0.1 to 0.2 nm 
from the ion skeleton of the metal, that is, 
deeply inside the compact layer having a 
thickness of about 0.3 nm, Eq. (12), but A 
can be close to 1. 

The comparison of the A values for 
different systems have shown expected 
tendencies: 

• this parameter for adsorbed iodide is 
greater at the Bi electrode than at InGa 
(the adsorption energy is greater for 
InGa); 
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• for the same electrode, InGa, the 
stronger adsorbed anion, iodide, has 
got a smaller value of this parameter, 
than bromide; 

• in the case of a weakly adsorbed cation, 
cesium, there is no significant differ- 
ence between ethylene and propylene 
carbonate solutions. 

Despite the success in the interpretation 
of these experimental data for small-size 
inorganic ions, one should keep in mind 
the need for the further development 
of the theory, in particular to include 
the effect of the gradual change of the 
dielectric properties of the compact layer 
with the increase of the surface coverage 
by adsorbed ions. 

2 . 1.12 

Electric Field-Induced Modifications of the 
Surface Structure 

Charging the electrode may not only affect 
the polarization of molecular dipoles on 
the surface, deform the surface electronic 
profile, and induce the adsorption of ions. 

It can also induce surface reconstruction 
and roughening transitions, that is, modify 
the atomic structure of the metal surface. 

In this section, we will briefly describe the 
principles of the statistical theory of this 
phenomenon [272-274]. 

In ultrahigh vacuum (u.h.v.), clean low- 
index single-crystal surfaces of gold and 
platinum are known to be reconstructed 
at low temperatures and unreconstructed 
at temperatures above the critical tem- 
perature [275]. Transition from the recon- 
structed to the high-temperature unre- 
constructed state is called deconstruction. 

This term does not necessarily imply that 
the surface structure at high temperature 
resumes the full lxl unreconstructed 
symmetry. Indeed the deconstruction is 
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accompanied by the appearance of various 
kinds of imperfections, and the transition 
itself is not abrupt but passes through 
the phases of disorder, incommensurate 
superstructures and roughness. 

Surface deconstruction has been dis- 
covered on single-crystalline electrodes 
in contact with electrolytes with the 
help of different experimental methods. 
These were the combination of cyclic 
voltammetry with ex situ analysis after 


Fig. 24 Top (upper) and side (lower) 
views on differently reconstructed (110) 
surfaces. The numbers indicate 
corresponding spin assignments of 
Ising model. 

emersion of the electrode into u.h.v., 
in situ x-ray diffraction (XRD), electrore- 
flectance, second harmonic generation, 
and scanning tunneling microscopy (for 
review see [276]). For instance, the 5 x 20 
reconstructed Au(100) and the 1 x 23 re- 
constructed Au(lll) surfaces are stable at 
sufficiently negative electrode potentials, 
but at positive potentials the reconstruc- 
tion is lifted. It was noticed that anion 
adsorption definitely lifts the reconstruc- 
tion, but it was hard to distinguish it from 
the mere effect of the positive charging, be- 
cause ion adsorption is also a field-induced 
effect (see Sect. 2.1.11). Somehow at the 
metal electrolyte interface there is no need 
to go to high temperatures to deconstruct 
the surface. The reconstruction takes place 
by negative charging at room temperature. 

Surfaces ofAu(llO) and Pt(110) in u.h.v. 
reconstruct to 1 x 2 or a mixture of 1 x 2 
andl x 3 missing row structures (Fig. 24). 
In the electrochemical environment, the 
reconstructed state is stable for a range of 
electrode potentials smaller than a positive 
critical value. For potentials more positive 
than the critical value, the reconstruc- 
tion is lifted. Potential variation reversibly 
changes the structure between the recon- 
structed and unreconstructed states. We 
will dwell on the missing row recon- 
struction in the following text, the easiest 
example for tutorial purposes, since it was 
rationalized by a relatively simple theory. 

2.1.12.1 Electrochemical Missing Row 
Reconstruction: Facts and Speculations 

Gao and coworkers [277] obtained scan- 
ning tunnelling microscopy (STM) images 
of Au (110) in 0.1 M HCIO4 aqueous 



solutions. At potentials more negative than 
—0.3 V versus, s.c.e., they report the ap- 
pearance of 1 x 2 reconstruction (with 
small impurity of 1 x 3 and 1x4 blocks). 
Unreconstructed patterns emerge at po- 
tentials larger than zero; Hamelin [278] 
reported a threshold value of 0.1 V. 
Since the p.z.c. for this system is about 
—0.02 V [278], at zero charges the surface 
is not reconstructed in contrast to the same 
surface in u.h.v. at room temperature. The 
authors of Ref. [277] speculate, that this 
might be due to some adsorption of cations 
used to stabilize the reconstructed surface 
in u.h.v., which plays a role similar to neg- 
ative charging. Between —0.3 and 0 V the 
interpretation of the images is unclear. 

The same surfaces were studied by 
Magnussen and coworkers [279] in 0.1 M 
acid solutions: HCIO4, H2SO4 - pure and 
with traces of Cl - . The Cl - -free so- 
lutions showed no dependence on the 
nature of electrolyte, but even small ad- 
ditions of Cl - lifted reconstruction. The 
reconstructed state was observed at poten- 
tials from 0.05 down to —0.3 V, although 
less ordered than in u.h.v. A window 
of disordered and roughened states was 
found between 0.05 and 0.25 V, while at 
more positive potentials the lxl unrecon- 
structed phase prevails. For slow variation 
of potential, the authors were able to follow 
the initial steps of reconstruction. They re- 
ported the transformation beginning near 
0.2 V via a slight roughening of the step 
edges; further potential decrease induced 
roughening and zigzag step structure of 
the reconstructed surface with a simul- 
taneous growth of anisotropic holes and 
islands one atom wide but up to 10 nm 
long in the 110 direction! When averaged 
over a big terrace, the concentration of 
islands was found to be nearly the same 
as the concentration of holes, in accor- 
dance with the idea that the reconstruction 
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emerges by removing atoms from holes, 
which grow into missing rows, and redepo- 
sition of these atoms into the added rows. 

Thus qualitatively the STM results of 
Behm’s and Weaver’s groups agree with 
each other. Simultaneously Ocko and 
coworkers [280] examined the same sur- 
faces in 0.1 M perchloric acid and alkali 
halide salts solutions by a “more objective” 
in situ synchrotron diffraction method. For 
a meticulous discussion of this work, see 
the review [273]; here we just stress that 
the results, although less unambiguous in 
a variety of details, were qualitative similar 
to the results of STM studies. 

2.1 .12.2 Driving Force for Reconstruction 

The structure and the shape of the metal 
crystal are determined by the net bal- 
ance of forces. In the bulk of the noble 
metal, the stabilizing force is the com- 
pressive stress of s-p electrons balanced 
by repulsive interaction of the filled d- 
shells. The s-p electrons play the role of 
a “glue”, which is as follows. They always 
“like” to spread out along the surface. 
However, at the (110) surface the external 
filed of the skeleton ions is very inho- 
mogeneous. The electrons will have to 
form rather inhomogeneous distributions, 
which are energetically costly. This forces 
surface atoms to rearrange to form tightly- 
packed facets that mimic the lower energy 
(111) structure. On (110) surfaces, this is 
achieved by missing row (Fig. 24) recon- 
struction [281, 282]. The force that pushes 
the surface to reconstruct is stronger when 
more electrons are present in the surface 
layer. This happens when the surface is 
negatively charged. 

The field-induced reconstruction was 
studied in the ground state Kohn-Sham 
electron density functional simulations for 
fixed atomic structures of the surface lay- 
ers [283, 284]. Their energies are compared 
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in order to find that configuration which 
has, at a given surface charge, the lower 
energy. It appears that in a range of nega- 
tive charges the missing row configuration 
has lower energy at T = 0, and one may ex- 
pect that the surface will be reconstructed. 
Physically, negative charging increases the 
density of electrons at the surface, which 
produces a tension that is relaxed by re- 
construction, because the missing row 
structures allow for tighter packing of 
nearest neighbor atoms. Although no such 
calculations have been performed for the 
metal -electrolyte interface, in u.h.v. the 
comparison of 1 x 1 and 1x2 structures 
is available for (110) surfaces of Ag and 
Au. Subject to these calculations, one may 
approximate the difference in the ground 
state surface energies (per lxl surface 
unit cell) 

A £(ff) = E 1x2 (c7) - E lxl (a) (95) 
as 

A £(<r) ^ A(a - a 0 ) (96) 

at least for a close to the ero, the point where 
£ 1 x 2(00 and £i x i(a) curves intersect; for 
Au(110), cro — 0. A is a parameter, which 
we do not know for metal- electrolyte inter- 
face, but taking into account the u.h.v. den- 
sity functional simulation, we may expect 
it to be no greater than 0.01 (eVcm 2 ) qC _1 . 

2.1 .1 2.3 Ising Model. Order- Disorder 
Transitions 

Kornyshev and Vilfan [272-274] suggested 
the simplest way of describing the tran- 
sitions between lxl and 1x2 states, 
based on an anisotropic 2D Ising model, 
and derived a closed expression for the 
temperature-surface charge phase dia- 
gram. 

In this model an occupied topmost 
site is described by “spin” 5 = 1 and 
an empty site by 5 = — 1 (Fig. 24). For 


an ideally 1x2 reconstructed surface, 
the 5 = 1 and 5 = — 1 rows, oriented in 
y-direction (denoted as [110]), alternate in 
v -direction, the one perpendicular to the 
rows ([001]). For an ideal lxl surface, 
all spins have 5 = 1 (or 5 = — 1, which 
is equivalent). Let J y and J x and be the 
“spin interactions” of neighboring sites 
along the rows and perpendicular to the 
rows. The Ising- Hamiltonian then takes 
the form 

FI = 'y ( J_x ■''/ . j Sj + 1 . j + JySi,jSi,j+ 1) 

i,j 

(97) 

where i, j are the indices of the lattice sites 
determining their coordinates x ( - and yj. 
J y > 0 for an anisotropic surface, and we 
will consider it to be constant. As for J x it 
could be positive or negative. If J x > 0, 
the ground state is “ferromagnetically” 
ordered; if J x < 0, it is “antiferromag- 
netically” ordered, using the lexicon of 
magnetic spin analogies. The transition be- 
tween these two structures at T = 0 takes 
place when J x changes the sign. 

If we know A £(er), it is easy to calculate 
J x . Indeed the ground state energies of the 
two configurations calculated per unit cell 
of the reconstructed surface are £i X 2 = 
Eq T J x J y and £4x1 = £0 J x J y , 
where £0 is the part of the energy that 
does not depend on the spin state. Hence, 

A £ 

J x = ~Y m) 

J y can also be obtained from the 
ground state calculations, since J y = £0 — 
1/2(£i>< 2 + £ixi)- However, for further 
consideration, we will simply treat it as a 
scaling parameter, whose charge depen- 
dence is of minor importance. 

At finite temperatures, we may use 
the well-known equation on the critical 
temperature of the anisotropic 2D Ising 



model [285]: 

sinh ( |7 ' v(g)l ^ sinh ( = 1 (99) 

V kBT ) \k B Tj 

Since, J x is a -dependent, this determines 
a critical line on the charge-temperature 
plane. Solving Eq. (99) for J x and using 
Eq. (98), we obtain 


|A£(g)l _r( k * T \ 

jy \jy ) 

where 


F(x) = x In 



(100) 


( 101 ) 


Using, finally, Eq. (96), we obtain the equa- 
tion for the critical line that determines the 
phase diagram: 


sgn(a — <T 0 ) (2k B T\ 

<y = cro-\ Tl— I (102) 


where 

A 

a = — (103) 

Jy 
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The phase diagram corresponding to 
this function is shown in Fig. 25. This 
diagram tells us that moving at a given tem- 
perature from negative to positive charges, 
the system undergoes first a transition 
from reconstructed to a disordered state 
and then from a disordered state to the 
ordered unreconstructed state. The width 
of the disordered region follows from 
Eq. (103): 

A„ 8 hlexp(-i) (104, 

Talcing as an estimate A ~ 0.01 eV cm 2 
gC -1 and J y ~ 4k B T, we get A a ~ 
0.5pCcm -2 , but depending on the pa- 
rameters, this value may be considerably 
larger. The origin of the disordered phase 
is clear. In order to have transitions, J x 
must change sign at oq, but then | J x \ 
must be small near ero, and there it cannot 
compete with the disordering effect of the 
temperature. 



a(<7-<7 0 )J y 1 


Fig. 25 Ising model phase diagram. The reconstructed (1 x 2) and 
unreconstructed (lxl) regions are separated by Ising disordered 
phase (D). 
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2.1.12.4 Roughening Transitions 

While the Ising model of field-induced 
surface reconstruction is very conve- 
nient for tutorial purposes, it cannot 
describe roughening transitions that take 
place in the course of reconstruction- 
deconstruction transition. In order to take 
them into account, a more involved the- 
ory [272-274] was developed, based on the 
Vilfan and Villain approach to roughening 
transitions [286]. Kornyshev and Vilfan ob- 
tained the phase diagram by studying the 
excitation lines - Ising walls and roughen- 
ing steps that break the long-range order. 
Each Ising domain wall is composed of 
two oppositely oriented steps, so that at 
both sides of the Ising domain wall the 
surface heights are the same. As long as 
opposite steps are bound into pairs, the 
surface behaves as flat. When the steps 
are no longer bound into pairs, thermal 
excitations causes the surface to become 
rough. Below the roughening transition, 
the surface can be flat but with Ising 
disorder whereas above the transition it 


is rough, because there is a random 
sequence of up-and-down steps. Strong 
anisotropy simplifies the calculation, be- 
cause the steps and walls are oriented 
predominantly along the top atomic rows. 
One can imagine a step as a trajectory 
of a fermion moving in one-dimensional 
space, our .r-axis, while the y-axis plays 
the role of time. The ground state energy 
of the corresponding quantum Hamilto- 
nian is then equal to the free energy of 
the steps. In the flat phase the free en- 
ergy is positive and infinitely long steps 
cannot be thermally excited. In the rough 
phase the free energy of a single step 
would be negative and the steps become 
thermodynamically stable. The steps re- 
pel each other and at the roughening 
transition the density of steps is infinites- 
imally small. Therefore it is enough to 
consider only one step, whose free energy 
is vanishing at the roughening transition 
temperature. 

Kornyshev and Vilfan considered the 
statistical thermodynamics of such steps 



Fig. 26 Phase diagram of the Kornyshev and Vilfan theory 
exhibits a line of an Ising order-disorder transition and two lines 
of roughening transitions, with disordered, D, and rough, R, 
phases in between. 



based on a free Fermion analogy, having 
again utilized the relationship of the 
charge dependence of the basic param- 
eters of the theory with A E. Not going 
any further into the details of the theory 
(for tutorial presentation see the review 
article [273]), we draw in Fig. 26 the re- 
sulting phase diagram. While the Ising 
transition has a second order, the roughen- 
ing transitions presumably are of Koster- 
litz-Thouless universality class (see the 
discussion in Ref [273]). 

In Ref. [273] the role of field-induced 
adsorption of anions together with a sim- 
ple model of its incorporation into the 
theory is thoroughly discussed. Together 
with the analysis of the possible effects 
due to the presence of water [273], all 
this provides a framework for under- 
standing the interesting phenomenon of 
electrochemically induced missing row 
reconstruction. 

2 . 1.13 

Soft Electrochemical Interfaces 

Electrochemistry of soft interfaces is a 
rapidly progressing interdisciplinary field. 
The most important systems here are as 
follows: 

• Polymer electrolyte -aqueous electro- 
lyte interfaces in the porous interior 
of proton conducting or ion exchange 
membranes for separation, desalina- 
tion, and fuel-cell applications [287]. 

• Interfaces between aqueous phase and 
the volumes confined by amphiphilic 
molecules [288], In vitro, these refer 
to lipid vesicles and micelles, lipid 
lamellae, cubic and hexagonal phases, 
Langmuir- Blodgett (LB) films, which 
are important in colloid science and in 
extraction technology. In vivo, these are 
the surfaces of biological membranes. 
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• Oil-water interface [289, 290], impor- 
tant for oil extraction and catalysis. 


The size of this chapter will not allow us to 
consider all these systems. We will there- 
fore discuss the last one, well studied in 
electrochemistry, that is the interface be- 
tween two immiscible electrolytes (ITIES). 
This is a biomimetic system and a model 
system for reaction kinetics, but also an 
actual medium for phase transfer catal- 
ysis. In this system, one of the solvents 
is usually water, and the other one is a 
low polar organic liquid (oil), such as, for 
example, nitrobenzene or dichloroethane. 
This interface separates “hydrophilic” and 
“hydrophobic ions”, such as simple alkali- 
halides and organic ions, respectively. 
When two such salts are dissolved in this 
system, one composed of hydrophilic and 
the other one of hydrophobic ions, they 
form back-to-back EDLs and the interface 
can be polarized [289, 290]; standard elec- 
trochemical methods can be used for the 
characterization of this interface. The re- 
sulting electric field across the interface 
affects a set of phenomena that occur at 
the interface. A controllable variation of 
the potential drop across this interface can 
shed extra light on these phenomena. 

First models of liquid-liquid interfaces 
in electrochemistry treated them as flat 
and sharp [289, 290]. The nonlinear capac- 
itance due to two back-to-back ionic double 
layers at such an interface is given simply 
by [289] 

1 1 1 


C GC Ci + C 2 


(105) 
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(106) 

where a is the surface density of the charge 
accumulated in each double layer per unit 
area of a flat interface. 
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However, these interfaces are known to 
be never ideally flat because of the thermal 
excitation of capillary waves. Depending 
on the interfacial tension between the 
two liquids, the interface between two 
solvents may occur to be somewhat diffuse. 
Stronger effect of diffuseness may come 
from the penetration of “hydrophobic” 
ions into water and “hydrophilic” ions 
into the organic phase, if the free energies 
of transfer of these ions between the 
two solvents are not much larger than 
k%T. The overlap of the two space charge 
regions influences the interfacial double- 
layer capacitance. The two effects, the 
diffuseness of the interface and capillary 
waves are generally not unrelated. The 
short wave length excitations trigger local 
protrusions that contribute to the interface 
diffuseness, but the ion interpenetration 
reduces surface tension and affects long- 
range capillary waves. A rough estimate 
for the “width of the interface”, d, is often 
used [291-293], 

d 2 = d 0 2 + d cw 2 (107) 

where do and d c w are the intrinsic and cap- 
illary wave contributions to the interface 
diffuseness. There is no unified theory 
that involves both phenomena; it is rather 
a subject for molecular dynamic simula- 
tion [294]. However, separately each effect 
has been rationalized [295, 296]. In the 
following text, we summarize the main 
results of these papers, in which one can 
read more about the history of the question 
and the previous achievements. 

2.1 .1 3.1 Capillary Waves at ITIES. Field 
Effect on Capillary Waves and Capillary 
Waves Effect on Capacitance 

Measurements of optical [297, 298] 
and neutron reflectivity [299] and MD 
simulations (e.g. Ref. [294, 300]) show 


that the liquid-liquid interface is 
typically corrugated. The corrugation 
originates from thermal fluctuations of 
the interface, known as capillary waves. 
These fluctuations are described through 
the dependence of the local height of 
the interface, ;i,on the lateral coordinate 
R = (x, y), where the local heights = £(R) 
is determined relative to the reference 
plane, z = 0, where the average value of 
the profile is zero (< £(*) >= 0). 

The spectrum of capillary waves can be 
calculated starting with the functional of 
the free energy of two contacting liquids 

F = Fo + FcwfcfR)] (108) 

where Fo is the free energy of the system 
with a flat uncharged interface, while the 
second term stands for the excess energy 
due to surface corrugation: 

Tcw[|(R)] = \j dRy[(V|(R)) 2 

+ kg r £ 2 (R)] (109) 

Here, y is the interfacial surface tension, 
kg r = Apg/y is the small wave-vector grav- 
itational cutoff, where g is the gravitational 
acceleration, and A p > 0 is the density 
difference between the two liquids. After 
transformation to Fourier space, 

f (k) = J dR|(R) exp[— ikR] (110) 

the free energy becomes a quadratic 
functional of the fluctuating variable |(k), 

x (k 2 + k 2 r ) (111) 

Note that this approximation is valid, 

strictly speaking, only if the amplitudes of 
capillary waves are small (i.e. when for each 



Fourier component of surface fluctuation 
the inequality |f(k)| < 2jr/|k| holds). 

Further treatment is then trivial. For the 
Fourier transform of the height-height 
correlation function 


g(k)= f d 2 R(£(R)(f(0))exp(-ikR) 

( 112 ) 

with the help of the equipartition theorem 
one obtains [301] 


g( k) = 


kyT 

y(k 2 + k 2 r ) 


(113) 


The mean square height of roughness, 
that is, the capillary wave contribution to 
the width of the interface, is expressed 
through the correlation function as 


d 2 w = f dkkg(k) 
2x Jo 


For g(k) given by Eq. (113), 


(114) 
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correlation spectrum than the integral 
characteristics of fluctuations, d cw . Both 
experiments and MD [281, 284-287, 292], 
show that the macroscopic capillary wave 
theory works surprisingly well down to the 
nanometer range. 

Time-resolved quasi-elastic laser scatter- 
ing (QELS) experiments [306, 307] allow 
the measurement of the dispersion law 
(the relation between the frequency of 
capillary waves, co, and their wavelength, 

2n /k). To derive the dispersion law theo- 
retically, one must consider the dynamics 
of the two degrees of freedom - the posi- 
tion of the surface, z = f(x, y, t), and the 
fluid velocity. In the limit of small viscosity, 
such a theory [291] gives 

a? - 2icoA(k)k 2 - w 2 (k) = 0 (116) 


where 


aj 2 (k) 


A (k) = 2k 


Pi + Pi 
2*11 + 112 


y{k 2 + k 2 r ). 


Pi + P2 


(117) 


The upper wave-vector cutoff, k max , is in- 
troduced to eliminate the divergence of the 
integral, which takes place for g(k) given 
by Eq. (113), because in reality g(k) de- 
creases faster at large k. Various estimates 
of k m ax _1 (proportional to the root mean 
square height [293], to the characteristic 
smearing of the interface [302], or to the 
largest bulk correlation length of the con- 
tacting liquids [303]) were proposed in the 
literature, but in any case, n/k max cannot 
be less than the molecular diameter [304]. 
Gravity suppresses the long-range fluctu- 
ations and removes a divergence of the 
correlation function at small wave vectors. 

Both d cw and g(k) can be measured 
in optical, neutron, and x-ray scattering 
experiments [297-299, 305], although it is 
more subtle to measure the height-height 


p\, p 2 and r}\, p 2 are the densities and 
viscosities of the two liquids in contact. In 
contrast to neutron and x-ray scattering ex- 
periments that allow the study of capillary 
fluctuations down to the nanometer scale, 
the QELS provides information on long 
wavelength fluctuations only, with wave 
lengths and frequencies of the order of 
6.6 x 10 _3 cm and 10 kHz, respectively. 

Capillary waves at the interface of two 
immiscible electrolytes have been directly 
observed by time-resolved QELS [306, 307], 
investigated in MD computer simula- 
tions [294, 300] and described within 
the framework of a phenomenological the- 
ory [295, 308, 309]. The principles of this 
theory are clear, but the formalism, par- 
ticularly for polarizations considerably far 
from the p.z.c. [295], is rather involved. 
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We refer the reader to Ref. [295], in which 
these are described in detail. Here, we 
only summarize the basic approach and 
the main results. 

The interface is described as before, 
using the approximation of smooth corru- 
gations. The two electrolyte solutions are 
characterized by the solvent dielectric con- 
stants, ei and £ 2 , and Debye lengths, /ci -1 
and Af 2 -1 - In addition to the interfacial ten- 
sion term, the free-energy functional now 
has two new terms. These are the electro- 
static energy, F e , and the term responsible 
for the entropy of a dilute electrolyte, F s , 
so that 


F = F 0 + T cw [f (R)] + F e [£(R)] + F,[£(R)] 

(118) 

where 
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The notations are as follows: <pi(z , R) and 
nf(z, R), the electrostatic potential and 
concentrations of positive and negative 
ions in the phase (i), respectively; U is the 
overall potential drop across the interface; 
Q and — Q are the overall charges in the 
second and first phases, respectively. The 
U Q -term reflects the extra work needed to 
maintain the overall potential difference U 
if the latter is fixed [310]. 

This form of the functional assumes that 
the difference in the free energy of each 
ion transfer between water and organic 
phase is so large that each ion species 
is located either completely in water or 
completely in oil. Furthermore, formation 
of a spontaneous dipolar potential drop 
across the contact of the two solvents 
and its possible coupling with the ion 
distribution is not part of the model. 

The functional depends on three types of 
fields, namely, surface fluctuations £(R), 
electrostatic potential <pi(z, R), and the 
ionic concentrations nf(z, R). Minimizing 
it with respect to fa and nf at a given 
£(R), one obtains Poisson-Boltzmann 
equations that describe the distribution 
of the electrostatic potential and ionic 
concentrations. Substituting the results 
into the density functional, one can 
minimize that with respect to £(R). This 



can be easily done in consistence with the 
already used harmonic approximation for 
Fcw[f(k)] (Eq. 109). Then all characteristics 
of the interface are obtained in a closed 
form. For voltage drops smaller than k%T, 
the results look relatively compact [308, 
309], but for larger voltages they are very 
cumbersome [295]. 

The result for the electric capacitance 
reads 


C = Cgc(V)R(k 1 ,k 2 ,V) (121) 

where V =eU/k^T, Cgc( 10 is the GC 
capacitance (Eqs. (105) and (106)) and 
R{k\,K 2 ,V) is the so-called roughness 
function, the factor in which all the 
deviations from GC are accumulated; 
when y — ► oo, R —*■ 1. The general 
expression for R(jc\, /q, V) [295] is too 
cumbersome to repeat here, but its 
typical graph is shown in Fig. 27. This 
graph shows that the roughness function 
increases rapidly with V because the 
surface area increases due to a dramatic 
enhancement of the amplitude of capillary 
waves. The steepest wings in Fig. 27 
should be ignored, because in this region 
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the harmonic approximation breaks down, 
as they, essentially, reflect the electric field- 
induced destruction of the surface. 

Indeed the potential-dependent FT of the 
height-height correlation function now 
reads 


g{k, V) = 


ksT 

y[k 2 + k 2 r ] - A/ (k, V ) 


( 122 ) 


where Af(k, V) is a very complicated 
but elementary function of its argu- 
ments [295], which grows with |V|. For 
moderate | V |, it is proportional to V 2 ; 
for instance, for small wave vectors the 
expression is particularly simple, 


A/ Ok, V) « l -k 2 V 2 C^ c (k « *1, k 2 ) 

(123) 

where = C G cl<x=o- 
The harmonic approximation breaks 
down when the denominator in Eq. (122) 
approaches zero, but the tendency towards 
dramatic enhancement of fluctuations is 
correct. This translates into the depen- 
dence of the mean square height of 
corrugation, d 2 w , for which there is a 
full expression [295], but here we quote 



Fig. 27 Roughness function versus potential. £2 = 10; 
y = 30 dyn cm -1 ; , nm: (1) 1 ; (2) 2; (3) 5. 




122 | 2 Electrochemical Double Layers 

only its simplified version for the case of 
moderate V: 



where d^w is the root mean square 
height at the p.z.c. Equation (124) shows 
unambiguously that charging the interface 
enhances surface corrugation. The general 
expression deviates from this law for 
V > 4 showing a stronger enhancement. 

The dispersion law is also modified by 
charging the interface. It now reads [295, 
308], 


w 1 = —2ia>A(k) — ay^(k) 

+ — t A/ (k, V) (125) 

Pi + P2 


that is, the charging reduces the frequency 
of capillary waves. 

However, such a simple theory has its 
own limitations. One of them is that relax- 
ation of the Debye plasma cannot follow 
the high frequency capillary waves, and 
their contribution to surface corrugation 
will not be “seen” by electrolyte ions. In 
Ref. [295], one can find a discussion of the 
yet unsolved dynamic aspects of the prob- 
lem and suggestion for a correction, taking 
into account the incomplete adiabaticity. 


2.1 .1 3.2 Ion Penetration into an 
“Unfriendly Medium” 

The treatment of interfacial capacitance in 
terms of the capacitance of two “back- 
to-back” GC double layers works fairly 
well for some electrolytes, while it fails 
for the majority of others [289, 311-316]. 
In contrast to the predictions of the sim- 
ple GC theory, it was found that the 
capacitance of ITIES depends on the na- 
ture of the ions [311, 313-318]. Often the 


capacitance curves show a strong asym- 
metry as a function of the potential. The 
discrepancy between experimental results 
and the GC theory has stimulated theoret- 
ical work that went beyond the classical 
scheme. The first step in this direction 
has been done in Refs. [317-319], in 
which the “mixed boundary layer” was 
introduced and the effect of overlapping 
of the two space-charge regions on the 
double-layer capacitance has been consid- 
ered. The authors used a quasi-chemical 
approximation (QCA) [317, 318] and MC 
simulations [319] in order to reveal the 
density profiles of the ions (the Pois- 
son- Boltzmann equation has been solved 
numerically, assuming, for computational 
simplicity, that the dielectric constants of 
the two solvents are equal to each other 
and do not vary with the distance from 
the interface). Numerical studies of the 
capacitance [317-319] reveal the effect of 
the mixed layer. They, however, do not dis- 
close general laws for the capacitance of 
this interface, leaving open the following 
questions: 

• Which characteristics determine the 
observed capacitance dependence on 
the nature of ions? 

• Which parameters determine the sign 
of the deviation of the capacitance from 
the Gouy- Chapman result and the 
asymmetry of the capacitance curves 
as a function of potential? 

• What information on the ionic profiles 
and interfacial structure in general can 
we gain from the capacitance data? 

Furthermore, smearing of the interface 
between two solvents should cause a 
smooth variation of dielectric properties 
across the interface (if it were sharp, 
similar effects would emerge due to 
nonlocal dielectric polarizability [92-94, 



91, 89]). It is important to understand how 
this will affect the capacitance curves. 

A step towards answering these ques- 
tions was made in an analytical theory, re- 
ported in Ref. [296]. The theory is based on 
a modified nonlinear Poisson-Boltzmann 
equation that takes into account the over- 
lap of the two back-to-back double layers 
in the interfacial region and a smooth vari- 
ation of dielectric properties across the 
interface. Similarly to [44], the analytical 
solution of this equation is obtained within 
the perturbation theory, which utilizes the 
smallness of the ratio of the “mixed layer” 
thickness to the Gouy lengths in the adja- 
cent solutions. The solution is thus valid 
for not too high electrolyte concentrations 
and voltage drops across the interface. Note 
that the most interesting results have been 
observed in the range of low ionic concen- 
trations [311-318]. 

The basic formula for capacitance, de- 
rived in Ref. [296], shows that the capac- 
itance dependence on the nature of ions 
is controlled by three integral parameters. 
These parameters do not depend on the 
potential or ionic concentrations. They are 
expressed through the z-dependent pro- 
files of the quantities, varying across the 
interface: (i) the short-range contributions 
to the free energy of ion transfer for all 
double layer ions and (ii) the effective 
dielectric constant of the solvent. These 
parameters are: 

/ +oo 

dz[exp(-gi+(z)) 

-00 

-exp(-*r(z))] (126) 

/ +oo 

dz[exp(-g 2 +(z)) 

-00 

-exp(-g 2 “(z))] (127) 

where g± 2 (z) are l^ e short-range energy 
profiles for the corresponding ions, and 
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the combined parameter, 

r+°° , r l / l , 

T3 = / d z - — exp(-gi^(z)) 

J — oo |_2 \£i 

1 _ 1 , 

+ — exp(-gi (z)) + — exp(— g 2 " l “(z)) 
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+ I e xp(-g 2 -(z))) - -*-l (128) 

£2 ) e(z)J 

which is also affected by of the effective 
dielectric constant profile e(z), where 
e(z -*■ —oo = ei) and e(z — >■ oo) = e 2 . 

The effect of ion nature on these in- 
tegral parameters can be clarified on the 
basis of a microscopic model of the in- 
terface or by MD simulations, giving 
gf 2 (z) and e(z). On the other hand, 
these parameters can be extracted from 
the capacitance measurements, and their 
dependence on the ion nature can be 
traced. This suggests a new framework 
for the treatment of the capacitance data 
and establishes a relationship between ex- 
perimental results and the microscopic 
structure of ITIEs. Here, we will not 
repeat the bulky expression for the ca- 
pacitance, referring instead the reader to 
Ref. [296]. We show just one example here, 
a graph (Fig. 28) that demonstrates the 
effect on capacitance of the penetration 
of a hydrophobic ion into the aqueous 
phase. Generally the integral parameters 
L\, L 2 and L 2 can take either posi- 
tive or negative values depending on the 
shape of the free energy profiles and 
dielectric function. As a result the capac- 
itance of ITIES can be either higher or 
lower than the GC capacitance of the two 
back-to-back double layers with a sharp in- 
terface (see Figs. 3-6 in Ref. [296]). Both 
types of behavior have been observed ex- 
perimentally [313-315] and in numerical 
simulations [317, 319]. 

The effect of concentration on the ca- 
pacitance curves has been studied using 
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Fig. 28 The effect of penetration of a hydrophobic positive ion into the 
aqueous solution on the potential dependence of the normalized 
capacitance, C/Cq C . Curves correspond to the GC result obtained for 
= f -3 = 0, and to the indicated values of the parameter 
= ff™ dz[exp(— (z)) — 9(z)] in nm. The figure is plotted for the 
case of no penetration of other ions through the interface, and no 
smearing of the dielectric profile, ei = 80, £2 = 10, 

/ci = K 2 = 0.3 nm” 1 . 


an equally concentrated solution in each 
phase. For this case, the results of 
Ref. [296] suggest that the deviations from 
the GC capacitance and differences be- 
tween capacitance measured for different 
ions increase proportionally to the square 
root of the concentration, in line with ex- 
perimental data [313]. 

There is a number of other interest- 
ing findings in Ref. [296], including the 
meaning of the apparent compact-layer 
contribution in the PZ plot. The latter is 
most transparent for small potential drops 
across the interface, where the expressions 
are most simple, that is: 


1 _ 1 1 

c = ^ + c^ 


(129) 


with the “compact-layer capacitance” 


-1 

Ch (4j tLi) 


(130) 


Thus, Ch can be positive or negative, 
depending on the value of L 3 . It should 
be stressed, that there is no reason to expect 
in this system a true “compact layer’’, because 
the interface is permeable for both salts. This 
result thus rationalizes a long-standing 
puzzle -the appearance of a compact- 
layer contribution in some systems and its 
absence in others. On the whole it clarifies 
the nature of the intercept of the PZ plot. 

2.1.14 

From Basic Concepts to Surface 
Electrochemistry 

In this chapter, we have tried to give a con- 
sistent and comprehensive picture of the 
principles that describe the electrochemi- 
cal interface, moving from long-standing 
but still valuable classical concepts of elec- 
trochemistry towards recent modern con- 
cepts based on condensed matter physics 




and statistical mechanics. To some extent 
the chapter followed the historic devel- 
opment of the ideas on the interfacial 
structure and properties. 

Experimental interfacial electrochem- 
istry is nowadays dominated by the so- 
called “electrochemical surface science” or 
“electrochemistry with atomic resolution”. 
Various methods and results of surface 
electrochemistry are thoroughly discussed 
in this and in subsequent volumes of the 
Encyclopedia. In terms of theoretical in- 
terpretation, they often ask for insight on 
the level of first principles calculations of 
electronic structure. 

We did not review such calculations in 
any depth, the reason being two-fold; first, 
before one performs such calculations, one 
should become acquainted with the basic 
phenomenological concepts and princi- 
ples of a global or “collective” description 
of the interface. Secondly, while first prin- 
ciple calculations in surface science have 
achieved a high level of sophistication, 
their combination with crude models of 
the neighboring solvent is controversial. At 
any rate, choosing the proper combination 
is currently a “fine art”. 

Using the methods of semi-empirical 
quantum chemistry can be as instructive 
as it can be, quite frequently, illusive, 
when it is disconnected from the real 
dynamics and the global properties of the 
interface. The development of theoretical 
interfacial electrochemistry in the near 
future will proceed in the direction of 
a combination of ab initio quantum 
chemical methods and MD. Progress and 
obstacles in this direction were recently 
reviewed [320]. MD of the solution part 
of the interface, based on empirical 
atom-atom interaction potentials, is often 
of great help for the verification of global 
models, rather than direct comparison 
with experiments. One obvious benefit 
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of molecular simulation methods is the 
“natural” way in which the solvent is 
included, thus avoiding the use of “ad hoc” 
assumptions concerning the behavior of 
the dielectric constant, to name only one 
important aspect. 

In general interfacial electrochemistry is 
an area, in which the conceptual physi- 
cal models have to interact with chemical, 
quantum-mechanical “first principles” ap- 
proaches. The former can guide the 
research, formulate questions and help ra- 
tionalizing the results of the latter. Such 
a synthesis may, in a world of avalanche- 
like progress in computational resources, 
not lie in the distant future. It could be 
“tomorrow”. 
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2 . 2.1 

Introduction 

Electrical double layers exist in many sys- 
tems. They form whenever two conducting 
phases meet at an interface that is imper- 
meable to the charge carriers. Then the 
application of a potential difference bet- 
ween the two phases leads to the buildup 
of charges of equal magnitude and oppo- 
site sign at the interface. The resulting 
charge distribution is the same as in a ca- 
pacitor, and therefore much research has 
been focused on the resulting capacity. 
Such double layers may also form in sys- 
tems in which charge carriers can cross 
the interface, for example, at the contact 
between two metals with different work 
functions. In this case, an external voltage 
gives rise to a current across the inter- 
face, but often when the current is small 
and the concentration of charge carriers 
is high, the double layer remains undis- 
turbed. Finally, double layers even exist 
at an interface in which one of the two 
adjoining phases does not conduct cur- 
rent, but carries an intrinsic immobile 
excess charge on its surface - a situation 
that occurs in membranes and in biolog- 
ical systems. This excess charge is then 
compensated by a charge layer in the con- 
ducting system. 

A general review of double layer the- 
ory covering all these cases would cer- 
tainly be desirable, but is beyond the 
scope of this chapter. Here we focus on 
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electrochemical systems, and even within 
this realm we have to restrict ourselves to 
two important cases: metal -solution and 
liquid-liquid interfaces. Of course, semi- 
conductor-solution interfaces are just as 
important in electrochemistry, but they 
are of little interest to electrochemical 
theory: their double-layer properties are 
dominated by the space-charge region 
of the semiconductor, which are covered 
in textbooks on semiconductor physics. 
Therefore, in the remainder of this chap- 
ter we shall treat the above-mentioned two 
systems in turn, and cover both theory and 
simulations, as suggested by the title. We 
shall assume throughout that there is no 
specific adsorption of ions at the interface. 
While it is doubtful if there is any sys- 
tem for which this assumption is strictly 
valid, specific adsorption is different for 
each system, so there is no point in includ- 
ing it in a general theory. So the models 
presented in this chapter form the basis of 
double-layer theory, to which the effects of 
specific adsorption must be added for each 
individual system. 

2 . 2.2 

Gouy-Chapman Theory and its Extensions 

Statistical double-layer theory started at 
the beginning of the last century with the 
works by Gouy [1] and Chapman [2], two 
of the most influential papers ever written 
in electrochemistry. Their theory, which 
we will briefly review below, explains the 
double-layer capacity for metal -solution 
interfaces at low electrolyte concentrations 
quite well. Unfortunately, further progress 
has been slow, and during the last 
decade, there has been more work in 
simulations of the double layer than in 
proper theory. 

The Gouy-Chapman (GC) theory is 
treated in all good textbooks, so we only 
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summarize the main points. It considers 
a planar metal electrode in contact with 
an ionic solution, and starts from the 
following assumptions: 

• the metal is a perfect conductor, and its 
excess charge is distributed evenly on 
the surface; 

• the solvent is a dielectric continuum, 
characterized by a dielectric constant e; 

• the ions are point particles, whose 
distribution is determined by the Pois- 
son-Boltzmann equation. 

For the case of a z-Z electrolyte, explicit 
expressions for the differential capacity 
and for the profile of the electrostatic 
potential can be derived. We give the 
expression for differential capacity C per 
unit area: 


Cgc = 


dffM 
d (p 


eeo , 

— cosh 
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where f is the electrode potential and 
<p pzc is the potential of zero charge (pzc), 
at which the charge density <jm on the 
electrode vanishes. «o is the concentration 


of the ions in the bulk of the solution, k% 
is the Boltzmann constant, and T is the 
temperature. The Debye length L d, which 
is familiar from the Debye- Hiickel theory 
for electrolyte solutions, is given by 
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The GC capacity has a pronounced mini- 
mum at the pzc, and rises rapidly on both 
sides (see Fig. 1). It compares well with 
experimental data for low electrolyte con- 
centrations and for low to medium charge 
densities, where the structure of the sys- 
tem, the size and chemical nature of the 
solution, and the electronic properties of 
the metal, do not matter. 

Considering the simplicity of the GC 
theory, it works surprisingly well-so well 
that it still serves as the reference point 
for all further advances in double layer 
theory, and new results are often stated as 
corrections to the GC theory. 

A cursory review of the experimental 
data shows that the GC theory overes- 
timates the capacity for high electrolyte 



Fig. 1 The Gouy-Chapman capacity for several ionic 
concentrations of a 1 : 1 electrolyte. 
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concentrations and for high charge densi- can be obtained by measuring the capacity, 
ties. In a real solution, the ions and the at a given charge density, for several 
solvent molecules have a finite size, which electrolyte concentrations, and plotting 
prevents their centers from coming arbi- the inverse of the experimental capacity 
trarily close to the metal surface, and which versus the calculated GC capacity; this is 
also limits the amount of charge that can known as a Parsons and Zobel plot [4]. 
be packed into the first few layers. To ac- This should result in a straight line, and 
count for these effects, Stern [3] suggested the Helmholtz capacity can be obtained 
that the first layer of the solution is free of from the intercept. For some metals, in 
ions, and that this inner or compact layer particular for mercury, this procedure 
contributes a term to the capacity, which works well, while for others, such as 
is in series with the GC term: gold [5], the plot is curved, which may 

III indicate that there is always at least weak 

— = — F — — (3) specific adsorption on these metals; of 

course, it may also indicate that Eq. (3) 
where the Helmholtz capacity Ch is does not hold for these systems, 

attributed to the inner layer; Ch is The Helmholtz capacity always depends 
sometimes called the inner layer or compact strongly on the charge density om\ dif- 
layer capacity, but since Eq. (3) also ferent metals may have quite different 

holds in models that do not assume capacities, but typically there is a maxi- 

the existence of an inner layer, we shall mum, also known as the hump, near the 

not use that terminology. In the absence pzc (see Fig. 2). Since the strength of 

of specific adsorption, the Helmholtz the electric field increases on both sides 

capacity is expected to be independent of of the pzc, the occurrence of the hump 

the electrolyte concentration, and also of can be explained by dielectric saturation, 

the nature of the ions. Experimentally it Watts-Tobin [6] elaborated this idea into 
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Fig. 2 The Helmholtz capacity for Ag(l 1 1) and Hg in contact with 
an aqueous solution; after Ref. [77] with permission from the author. 
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a quantitative model: he treated the in- 
ner layer as a two-dimensional lattice of 
dipoles, which could be oriented either 
parallel or antiparallel to the surface nor- 
mal. In effect, this is equivalent to the Ising 
model, which was evaluated in the mean 
field approximation (MFA). As expected, 
this model predicts a capacity hump at 
the pzc, but otherwise it does not agree 
well with the Helmholtz capacity of mer- 
cury, on which the early theories were 
focused, or of any other metal. In mer- 
cury, the Helmholtz capacity rises again at 
charge densities above the hump. This 
increase was explained [7] by the pres- 
ence of two water species in the inner 
layer: single water molecules and wa- 
ter clusters composed of two molecules, 
which have a smaller dipole moment. 
A high electric field can break up the 
clusters, and the capacity increases again 
since the average dipole moment becomes 
larger. Parsons [8] worked out the statisti- 
cal mechanics of this four-state model (two 
orientations for each water species) , and by 
an appropriate choice of the system param- 
eters he obtained reasonable agreement 
with the data for mercury. Later this model 
was elaborated by other researchers, who 
added further details and increased the 
number of adjustable parameters, so that 
the mercury data could be fitted perfectly; 
such work has been critically reviewed by 
Guidelli [9]. However, if this kind of model 
were to represent the data for other met- 
als, all parameters would have to be fitted 
again, so the physical significance of these 
models was dubious from the beginning. 

Modern theories have abandoned the 
idea that the water dipoles can take up only 
two orientations, though it occasionally 
still crops up in the literature. A significant 
conceptual progress was achieved in the 
work of Guidelli [10, 11]. He modeled the 
inner layer as a two-dimensional lattice, 


in which each point is occupied by one 
water molecule, which can form hydrogen 
bonds with its nearest neighbors and 
take up a fairly large number (25) of 
orientations. The statistical mechanics of 
this ensemble was treated in the quasi- 
chemical approximation, which is much 
better than the mean-field approximation 
that was employed in the I sing-like models 
discussed above. 

However, all these early monolayer 
models suffer from two defects: the 
connection of the inner layer to the rest of 
the solution is not clear and the electronic 
structure of the metal is neglected - it just 
acts as a perfect conductor. Nowadays, it 
is generally recognized that there are three 
contributions to the double-layer capacity 
on metals: 

1. the capacity of the diffuse layer, which 
is described by the GC theory; 

2. a contribution from the boundary layer 
of the solution, which extends over a 
distance of several solvent diameters 
toward the bulk; 

3. the electronic response of the metal 
surface to the high field at the interface. 

A treatment of these effects requires 
more advanced methods than the GC 
theory does; therefore, we shall briefly 
review the methods that have been used in 
the double-layer theory before discussing 
the latter two contributions in greater 
detail. 

2.2.3 

Theoretical Methods and Principles of 
Computer Simulations 

Double-layer theory is complicated by the 
fact that it involves the theory of liquids 
and of solids, and of the interactions be- 
tween them. While the theory of the bulk 
of these phases is quite well developed, 



the treatment of boundary effects is notori- 
ously difficult, and the interaction between 
the two phases is almost intractable. At 
present, we understand the basic features 
of the double layer, but quantitative cal- 
culations, even for simple systems, are 
beyond our capabilities. 

Below we briefly review the methods that 
have been used in double-layer studies; 
they comprise both theoretical methods 
and simulations. The latter have become 
quite popular in recent years, since they 
allow the treatment of more complicated 
models than can be handled by pure 
theory. 

2. 2. 3.1 Integral Equations 

The structure of a bulk fluid can be charac- 
terized by the pair distribution functions 
gij( 1,2), which give the probability of 
finding a particle of species i at the po- 
sition ri with orientational coordinates 
and a particle of species j at the po- 
sition X 2 with orientational coordinates 
0 . 2 , while all other particles are dis- 
tributed statistically. The arguments (1,2) 
are shorthand for ri, f2i, r 2 , £22- These dis- 
tribution functions are normalized such 
that they tend to unity as the separation 
between the two particles goes to infin- 
ity. The quantity h l} (\, 2) = gy( 1, 2) - 1 
is called the total correlation function; it 
vanishes for infinite separation and char- 
acterizes the interaction between the two 
particles. 

In principle, these correlation functions 
should be calculated from the interaction 
potentials uy ( 1 , 2) between the particles. 
However, even for an ensemble of hard 
spheres, this is an intractable problem, 
let alone for systems with realistic inter- 
actions. Therefore various schemes have 
been devised to calculate the correlation 
functions from approximate relations be- 
tween these functions. For this purpose. 
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the Omstein-Zernike relation is often 
used as a starting point. It is based on 
the following idea: the correlations be- 
tween two particles can be decomposed 
into two sources, that is, the direct in- 
teraction between the particles and the 
interaction mediated by other particles 
in the vicinity. Therefore a direct cor- 
relation function cy(l, 2) is introduced 
through 

A l7 (l,2) = cy(l,2) + V- 

“ CO 
k 

x j c/jt (1 > 3)f*i*(3, 2) d3 (4) 

where pk is the density of the species k 
and a) is a normalization factor, which 
is unity for most systems of interest. 

So far, Eq. (4) is but a definition for 
the direct correlation cy(l, 2). However, 
the range of the direct correlation is of 
the same order of magnitude as that of the 
interaction potentials u, 7 ( 1, 2) and shorter 
than that of the total correlation function, 
which contains the mediated interactions. 

This fact has been used as a basis for 
approximations based on diagrammatic 
expansion schemes. They start from the 
exact expansion: 

c(l, 2) = h(l, 2) - fv(l, 2) 

— log[/i(l, 2) + 1] + d(l, 2) (5) 

where the subscripts are omitted to sim- 
plify notations. Here, d( 1, 2) is the sum 
of all bridge diagrams in the diagrammatic 
expansion and /J = 1/kT. Unfortunately, 
the combination of Eqns. (4) and (5) is 
intractable because it involves an infi- 
nite series of many-dimensional integrals 
of products of h( 1,2). Neglecting the 
bridge functions results in the hypemet- 
ted chain approximation (HNC). This is 
an example of a closure relation, because 
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together with Eq. (4) it forms a closed 
system of equations for the unknown func- 
tions ctj ( 1 , 2) and hjj(l, 2), which can be 
solved at least in principle. In the spe- 
cial case in which the interaction is small, 
P v ij (1,2) < 1, the total correlation func- 
tions hjj are also small, and the HNCs 
simplify to the mean spherical approxima- 
tion (MSA): 

Ci j{\,2) = -f)vij (1,2) (6) 

which results in a linear theory. This 
is a useful approximation for weakly 
interacting particles in the vicinity of 
the pzc, where the Coulomb forces are 
weak. 

A better approximation, which has be- 
come quite popular recently, is the reference 
hypernetted chain (RHNC) approximation. 
It makes use of a reference system consisting 
of a fluid of neutral hard spheres, which 
is the only potential for which the bridge 
function d( 1,2) in Eq. (2) is known with 
sufficient accuracy. If we denote by the sub- 
script 0 a property of the reference system 
and set h = ho + A h, c = co + Ac, v = 
vo + An, and cl = do + Ad « do, Eq. (5) 
can be written as 

Ar(l,2) = Ah(l, 2) 

— l°g[ko + AA(1, 2)] 

+ loggo - dAn(l, 2) (7) 

where go = /?o + 1 is only a function 
of the separation r = |ri — r 2 1 between 
the two particles. The pair-interaction 
potential no of the reference system is 
just the spherically symmetrical part of 
n(l, 2). Equation (7) is exact except for the 
replacement of the true bridge function 
d( 1, 2) of the system under study by the 
bridge function doif, 2) of the reference 
system. The RHNC has been applied to 


several simple models of water [12, 13]; 
the results are all numerical. 

The MSA, HNC, RHNC, and similar 
schemes were first developed to treat bulk 
fluids, and then applied to interfaces by 
using the following trick: one spherical 
particle from the ensemble is singled out 
and its radius is taken to be infinitely large 
or, if that limit is not tractable numerically, 
much larger than the radii of all other 
molecules. This large particle represents 
the surface. 

2.23.2 Computer Simulations 

Even comparatively simple models turn 
out to be difficult to treat by the methods 
of statistical mechanics. In such cases, 
computer simulations may be used to 
explore the consequences and predictions 
of the model, even though they do not 
give the same detailed understanding as 
analytical methods do. This is not the place 
to describe these methods in any detail; the 
book by Allen and Tildesley [14] provides 
an excellent introduction to the field. There 
are three different methods. 

Monte Carlo simulations The basic me- 
thod works in the following way: starting 
from a given configuration, a new con- 
figuration is tentatively chosen at random 
from a certain region of phase space, for 
example, by moving one particle a cer- 
tain distance. If the energy of the new 
configuration is lower than that of the 
previous one, it is accepted, and a new 
Monte Carlo (MC) step is initiated. Other- 
wise a random number r is chosen from 
the interval (0, 1). If r < exp— A E/kT, 
where A£ is the change in energy, the 
new configuration is accepted, otherwise 
it is discarded. It can be shown that 
averaging over a large number of config- 
urations that have been produced in this 



way leads to correct thermodynamic quan- 
tities [15]. There are various variants of this 
method; they mainly provide information 
about the structure and thermodynam- 
ics of an ensemble, but a few have 
been designed to investigate the dynamics 
as well. 

Molecular dynamics The orbits of the 
particles in an ensemble are obtained 
from Newton’s second law: at each step 
the forces on all particles, and hence 
their accelerations, are calculated, and 
from these their movements during a 
small time step, in which the forces 
can be taken as constant, are obtained. 
Then the forces are calculated again, 
and the system moves another step 
forward. During an initialization period, 
the system must be equilibrized to the 
desired temperature, and then it can be 
sampled to obtain statistical properties. 
Obviously, this method gives both the 
dynamics and the thermodynamics of the 
ensemble. 

Car-Parinello method In ordinary simu- 
lations the electronic structure of the par- 
ticles is taken as fixed, and the molecules 
interact through given potentials. In the 
Car-Parinello method [16], at each step of 
the simulation the electronic structure of 
the system is recalculated, usually through 
density-functional methods [17, 18], and 
from these the forces on the particles are 
obtained. In principle, this is the most 
exact but also the most time-consuming 
method, so that only small ensembles can 
be considered. Sometimes this method 
is simplified by restricting the electronic 
structure calculations to a part of the en- 
semble. 

All of these methods have been applied 
to electrochemical systems, and we shall 
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bring them up again as we discuss specific 
models. 

Real systems contain a practically infi- 
nite number of particles, while the ensem- 
bles that are used in simulations contain 
typically a few hundred, at best a few 
thousand, particles. In order to mimic an 
infinite system, cyclic boundary conditions 
can be imposed. In electrochemical investi- 
gations they are usually imposed in the two 
directions parallel to the electrode surface. 

In the perpendicular direction the dimen- 
sions should be so large that a region 
with bulklike properties is obtained, so 
that bulk and surface properties can be 
contrasted. 

2 . 2.4 

Electronic Structure Calculations 

In spite of the explosion of computing 
power during the last decade, it is still 
impossible to calculate the electronic 
structure of semi-infinite solids. Three 
different approaches have been taken to 
deal with this problem. 

Simple model systems A good method in 
such situations is a simplification of the 
model so as to make it mathematically 
tractable. The art of the theorist consists 
in keeping the most relevant features of 
the system and discarding the others. 

Since in the electric double layer the 
electronic properties of the metal surface 
play the major role, the jellium model [18], 
which disregards the details of the atomic 
structure and focuses on the distribution 
of the electrons, has been widely applied. 
While this model does not give quantitative 
results for particular systems, it has 
greatly improved our understanding of 
the electronic effects; we will discuss 
it later. 
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Slab calculations At a perfect surface the 
atomic structure of a solid is periodic 
in the direction parallel to the surface. 
This symmetry makes it possible to 
calculate the electronic structure of slabs 
that are infinite in two directions and 
consist of a few layers of atoms. Typically, 
about 10 layers are sufficient to obtain 
a region with bulklike properties in 
the center and two surface regions. By 
their very nature such calculations are 
limited to structures that are periodic 
parallel to the surface; the unit cell 
must not be too large - with present-day 
computers, it must not contain more than 
a few atoms - or the calculations become 
computationally too expensive. 

Cluster calculations The conceptually 
simplest method consists in replacing 
the infinite system by a large cluster 
of particles. Such calculations can be 
performed with several packages, from 
both commercial and public domain, and 
have therefore become quite popular. 
However, even in relatively big clusters 
a large fraction of the atoms lie at 
the surface. Therefore the results of 
such calculations have to be interpreted 
with care - particularly, if the system is 
charged or has an uneven distribution of 
charges, since charges tend to accumulate 
on surfaces. In addition, the results 
obtained often depend on the size of 
the cluster, so that one has to focus 
on relative rather than on absolute 
values. 

Nowadays such quantum calculations 
are usually based on density functional 
formalism [17], in which the electronic 
density, and not the wave functions, is 
used as the basic variable. This formalism 
results in much faster programs, so that 
larger systems can be treated than that 
with the conventional approaches. 


2.2.5 

Models for the Solution 

The surface properties of a phase generally 
differ from the bulk properties. There- 
fore the GC theory, which is based on 
macroscopic bulk concepts such as the 
dielectric constant, requires corrections. 
Indeed, this was the idea behind the mono- 
layer models discussed earlier - their main 
fault was that they were too simple: bound- 
ary layers extend beyond the first layer 
of molecules that is in contact with the 
metal. Furthermore, these models com- 
pletely neglected the effect of the metal, 
which was treated as a perfect conductor 
without any electronic structure. In this 
section we will discuss a few models for 
the solution before we turn to the metal 
surface and then to the metal-solution 
interface. 

2. 2. 5.1 Field-theoretical Approach 

to the Double Layer 

The GC theory is based on macroscopic 
electrostatics, while much of the present- 
day work is aimed at a description on a 
molecular level. There is, however, an el- 
egant alternative based on the methods of 
statistical field theory, which was devel- 
oped by Badiali and associates [19, 20]. 
This leads to a coarse-grained descrip- 
tion in terms of the particle-distribution 
functions. By setting up a suitable model 
Hamiltonian, a wide variety of phenomena 
can be described. 

Badiali and coworkers started by apply- 
ing this method to a combination of the 
primitive model, in which the ions are con- 
sidered as point charges and the solution 
is treated as a dielectric continuum, and a 
simple model for the metal in which the 
charge distribution is taken as uniform in 
the direction parallel to the surface. In this 
model the Hamiltonian depends only on 
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the charge distributions eoq ( r ) in the dou- 
ble layer and <?o<?o(z) in the metal, and can 
be written in the form 


PH[q(T)\ = J 


dr d r' 


P e o[ ( io(z) + q(r )] 
[do (zQ + q(r’)\ 
&7ze\r — r'\ 



[q{r)f dr 


( 8 ) 


where p = l/k%T, and pt, is the bulk 
concentration of the ions. The first term 
is the electrostatic energy in the systems, 
and all other terms, in particular structural 
and entropic terms, have been written 
as an expansion in powers of q(r). 
The coefficients a n are dimensionless 
quantities. 

The simplest way to treat this Hamilto- 
nian is the MFA. The statistical average 
(q(z)) is then the value of q(r) for which 
the functional derivative SH[q(r )]/Sq(r) 
vanishes. For the Hamiltonian of Eq. (8) 
this gives 

OO 

PV(z) + J2~ <9(z) (n_1) > =° (9) 

where V (z) is the average electrostatic 
potential. If one assumes that the average 
charge distribution is related to the average 
potential via a Boltzmann distribution and 
that the metal is a classical conductor (i.e. 
qo(z) oc <5 (z)), then all the coefficients a n 
can be determined, and one obtains the 
nonlinear GC theory. 

So far, this is nothing but an ingenious 
method for obtaining a well-known result. 
However, this approach can be extended 
in various ways by including other effects. 
Stafiej and coworkers discuss explicitly 
ion-ion interactions, chemical interac- 
tions with the wall, and nonlocality. The 
main value of this method lies in the fact 
that the calculations are transparent and 


help in understanding the incorporated 
effects. 

22 . 5.2 Ensembles of Hard Spheres 

In the GC theory the size of the molecules 
was disregarded, so it is a natural im- 
provement to treat them as hard spheres. 
Actually, there are two different models 
that use hard spheres: in the primi- 
tive model the ions are considered as 
charged hard spheres, while the solvent 
is a dielectric continuum; in the civilized 
or nonprimitive model both the ions and 
the solvent molecules are considered to 
be spheres, but the latter have a dipole 
moment at their center. The primitive 
model is mainly of academic interest: 
ions and solvent molecules are roughly 
of the same size and should be treated on 
the same footing. However, one predic- 
tion from the primitive model deserves 
attention: it suggests that at low tem- 
peratures the interfacial capacity should 
increase with temperature, while the GC 
theory and most model calculations predict 
a decrease. In this context, it is useful to 
define an effective or reduced temperature 
through T* = kT<7j(4jrsso)/e q, where 07 
is the diameter of the ions, which is as- 
sumed to be equal for the two species. 
Low temperature means T* < 1, so that 
aqueous solutions are high-temperature 
systems because of their high dielectric 
constant. Somewhat surprisingly, molten 
salts are low- temperature systems by 
this definition. This result is not only 
based on simulations within the primi- 
tive model [21] but also on more general 
arguments based upon pressure balance 
at the interface [22]; it may explain why 
the capacity of gold electrodes in contact 
with a frozen, highly concentrated aque- 
ous solution has been found to increase 
with temperature [23]. 
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We now focus our attention on the 
civilized model. In the electrochemical 
context the basic system consists of hard 
spheres in contact with a charged hard 
wall; there are three types of hard spheres: 
solvent molecules of diameter cr s , which 
have a dipole moment /x at their center, 
and ions with a diameter ay and ions 
with a charge number ±1 - note that both 
kinds of ions have the same diameter. 
The integral equations for this model 
have been solved analytically, but in the 
MSA [24, 25] only, so that the results are 
valid for small excess-charge densities on 
the electrode, that is, in the vicinity of 
the pzc. 

The solution is implicit and consists of 
a pair of nonlinear algebraic equations, 
which can be solved numerically. In the 
limit of low concentrations, where the 
Debye inverse length k = 1/Td tends to 
zero, explicit results can be derived. The 
distribution of the ions g/(.x) and of the 
dipoles g s (x) as a function of the separa- 
tion jc from the electrode show oscillations, 
which are caused by the packing of the par- 
ticles (see Fig. 3); they die out far from the 
surface. 

The interfacial capacity C is of particular 
interest since it is measurable. For low 
ionic concentrations, its inverse can be 


developed into a power series in at; the first 
two terms are 



The next term is of the order of k. Within 
the MSA, the dielectric constant e is related 
to the dipole moment p, and the density p s 
of the solvent through 

s — 1 An -p 2 9 

= — --y jPs (ID 

e 3kT X 2 (X+1) 2 

and the parameter X is obtained from the 
dielectric constant via 

X 2 (l + X) 4 = s (12) 

The first term in Eq. (10) is just the GC 
capacity at the pzc; the second term is 
independent of the ionic concentration, 
and can be identified with the Helmholtz 
capacity. However, in this model the 
Helmholtz capacity is not caused by a 
single monolayer of solvent with special 
properties, like in the Stern model, but 
results from an extended boundary layer. 
It depends on the dielectric properties of 
the solvent and on the diameters of the 
particles. Since X s, the influence of 
the ions on the capacity is predicted to be 
small. This is in line with the experimental 




Fig. 3 Oscillations in the electrostatic 
potential in an ensemble of hard 
spheres caused by the packing of the 
particles against the electrode; the 
straight line is the prediction of the CC 
theory. (Data taken from Ref. [24].) 
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observation that the Helmholtz capacity is 
practically independent of the nature of 
the ions, provided they are not specifically 
adsorbed. So this prediction is one of 
the successes of the theory. The second 
term in the Helmholtz capacity represents 
the effect of the solvent. The parameter 
X accounts for the fact that the dielectric 
properties at the interface differ from those 
of the bulk; roughly speaking, the effective 
dielectric constant in this region is much 
reduced. 

For aqueous solutions, with o s 3 A 
and e ~ 80, Eq. (10) predicts a Helmholtz 
capacity of the order of 16pFcm -2 at 
the pzc\ this is much smaller than any 
experimental values. The contribution of 
the metal is missing in this model. We will 
see later that the electronic polarizability of 
the metal surface increases the Helmholtz 
capacity. 

These results for the ensemble of hard 
spheres are now more than 20 years old; all 
the same, it has not been possible to extend 
them into the nonlinear region away from 
the pzc in a rigorous way, though heuristic 
extensions have been suggested [26]. Even 
computer simulations have met with little 
success: for realistic values of the dipole 
moments and the diameters, the ensem- 
ble tends to get stuck in metastable states 
away from equilibrium, so that it is impos- 
sible to obtain thermodynamic averages. 
Therefore, Henderson and coworkers [27] 
have performed MC simulations for an 
ensemble in which both the dipole mo- 
ment of the solvent and the charges on the 
ions have been scaled down to a fraction 
of their values for aqueous solutions. Such 
systems do reach equilibrium; the parti- 
cle profiles show a strong layering of the 
particles, similar to that observed in the 
MSA, but it is not possible to extrapolate 
the results to realistic charges and dipole 
moments. 


2 . 2.6 

The Role of the Metal 


2 . 2 . 6.1 Qualitative Considerations 

In concentrated solutions the electric field 
at the electrode surface is so high that it 
distorts the electronic density of the metal, 
and thereby changes the surface potential 
X ■ It is natural to define a contribution 
of the metal to the interfacial capacity 
through 

1 9 y 

= — (13) 

C m d&M 

According to Le Chatelier’s principle, 
this metal capacity is negative: a positive 
charge density increases the potential drop 
between the metal and the solution, and 
the surface electrons react so as to make it 
smaller. Thus a positive charge density 
on the metal surface gives rise to an 
electric field directed outward from the 
surface, which pulls the electrons back 
into the metal and thereby decreases 
the surface dipole moment. Conversely, 
a negative charge pulls the electrons 
toward the solution and increases the 
surface potential (see Fig. 4). Since the 
metal capacity is independent of the 
electrolyte concentration, it contributes to 
the Helmholtz capacity, which can thus be 
decomposed into parts pertaining to the 
metal and to the solvent: 

111 

= 1 (14) 

C h C m C so i 


However, since the metal and the solvent 
interact at the interface, these two con- 
tributions are not independent. Since the 
metal capacity is negative, it makes the 
total capacity, which must be positive in 
any reasonable model, larger. In essence, 
the metal surface possesses a high elec- 
tronic polarizability, which increases the 
double-layer capacity. 
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Fig. 4 Normalized electronic density profile at the surface of 
jellium with a bulk density of 15.3 atomic units. The upper dashed 
curve is for a surface charge density cr/vj = —0.1 C m -2 , the lower 
dashed curve for om = 0.1 C m~ 2 . The full curve is for an 
uncharged surface. The arrow gives the position of the effective 
image plane for an uncharged surface. 


Trasatti [28] has noticed that in aqueous 
solutions the Helmholtz capacity C h of 
the simple sp metals, taken at the pzc, 
correlates with their electronic densities 
(see Fig. 5). This indicates that the surface 
polarizability of simple metals increases 
with their electronic densities, a trend that 
can be explained by the jellium model 
presented below. 

2. 2. 6 . 2 The Jellium Model 

As early as 1928, Rice [29] attempted to 
estimate the contribution of the metal to 
the interfacial capacity within the frame- 
work of the Thomas-Fermi theory. How- 
ever, he obtained a positive contribution of 
the metal to the capacity, which was prac- 
tically the same for all metals. Only some 
50 years later, Kornyshev and cowork- 
ers [30] showed that Thomas -Fermi-like 
models are unsuitable for double-layer the- 
ory because they do not give a realistic 
description of the work functions and the 
surface potentials of metals. 


A major breakthrough in our under- 
standing of the electric double layer 
came with the introduction of the jel- 
lium model, which had already been used 
extensively in the theory of metal sur- 
faces [31, 32], into electrochemistry [34, 
36]. In this model the lattice of posi- 
tively charged metal ions is represented 
by a constant positive background charge, 
which drops abruptly to zero at the sur- 
face. The electrons are modeled as an 
inhomogeneous electron gas, which inter- 
acts with the positive background. Explicit 
calculations for this model are usually 
based on density-functional theory, which 
has already been mentioned above. The 
quantum-mechanical self-interactions of 
the electron gas - the exchange and the 
correlation energies - are treated in the lo- 
cal density approximation, which is based 
on the following idea: these interactions 
are known for an electron gas of con- 
stant electronic density. As a first ap- 
proximation, one can assume that in an 
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Fig. 5 Inverse Helmholtz capacity of aqueous solution in contact 
with sp metals; experimental values from Trasatti [28]. (The dashed 
line is based on a model calculation by Schmickler and 
Henderson [26].) 


inhomogeneous gas the exchange and cor- 
relation energies at each point take on 
the same values that they would have 
in a homogeneous gas with the same 
density. While this approximation is sim- 
ple, it has the advantage that it fulfills a 
number of sum rules that the exact expres- 
sion must also obey. Most importantly, 
it gives good results for the electronic 
structures of surfaces, and only for com- 
plicated interactions must one resort to 
better mathematical treatments such as 
the generalized gradient approximation. 

The electronic polarizability of the jel- 
lium surface, which is the relevant quantity 
for the interfacial capacity, can be ex- 
pressed in terms of the effective position 
of the image plane, which has the meaning 
that its name suggests: a test charge placed 
in front of the jellium surface experiences 
an image force as if the image plane were 
a distance X{ m in front of the surface (see 
Fig. 4). In a metal capacitor the effective 
positions of the plates lie at a distance Xi m 


in front of the geometrical surface. Thus 
a positive value of x\ m indicates that the 
effective plate separation is smaller than 
the physical separation between the two 
surfaces. Typical values for X{ m are of the 
order of 0.5 A; for a normal plate capacitor 
such a small shift of the apparent plate 
position is quite negligible. However, for 
high ionic concentrations the double layer 
can be considered as a capacitor with a 
plate separation of a few Angstroms, so 
that a shift of this order of magnitude has 
a noticeable effect. 

The relation between the position of 
the image plane and the metal capacity 
is given by 

3 / _ 1 

■*-im — ^0 — £0 (15) 

0&M (-m 

As one might expect, the polarizability 
increases with the electronic density (see 
Fig. 6), which qualitatively explains the 
corresponding increase of the Helmholtz 
capacity, though for jellium in vacuum 
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Fig. 6 Variation of the effective position of the image plane with the 
electronic density and with the surface charge density, calculated 
within the jellium model. 


this dependence is relatively weak. It also 
depends on the surface charge density, 
and is much higher when there is a 
considerable excess of electrons on the 
surface. 

As already mentioned, the distribu- 
tion of electrons at the jellium surface 
entails a surface dipole moment. There- 
fore, at the pzc a water molecule situated 
within the electronic tail experiences a 
positive field that tends to orient the 
molecule with its oxygen end toward 
the metal surface. Conversely, the water 
molecules tend to enhance the electronic 
spillover. As a result, the work func- 
tion for jellium in contact with water 
is lower than in the vacuum. Model 
calculations for this effect have been per- 
formed by several authors [34, 37, 39-41]. 
While the results depend on the details 
of the model, it is generally agreed that 
the larger the overall change in the 
dipole potential, the higher the electronic 
density. 

Jellium is a simple, structureless model 
for a metal, and can therefore only 


reproduce trends and orders of magni- 
tudes for polycrystalline materials. In an 
improved version the positive background 
charge is replaced by a lattice of pseu- 
dopotentials so that single crystals can be 
represented. Usually, the pseudopotentials 
are averaged parallel to the surface in order 
to keep the calculations one-dimensional. 
Such models predict sizable differences 
for the surface polarizabilities, measured 
in terms of Xi m , of different single-crystal 
surfaces, and may thereby explain why the 
interfacial capacity varies with the crystal 
orientation [40, 42]. However, the calcu- 
lated values depend more strongly on the 
orientation than do the experimental val- 
ues; this indicates that the contributions 
of the metal and of the solvent are not 
independent. 

2. 2. 6 . 3 Calculations for Metal Clusters 

Modern quantum-chemical methods ac- 
count for the chemical properties of 
the atoms much better than jellium-type 
models can, but they are usually limited 
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Fig. 7 Effective position of the image charge for a mercury cluster as 
a function of the surface charge density. (Data taken from Ref. [44].) 

to treating a finite number of atoms. It 2.2.7 

is therefore natural to model an elec- The Metal-Solution Interface 
trode surface by a large cluster of metal 

atoms. However, even in a large cluster The models presented in the previous two 
most of the atoms lie near the surface, sections dealt with just one side of the 
so that the charge distribution differs interface. Here, we discuss models for 
considerably from that in a semi-infinite the whole metal-solution interface. They 
metal. Therefore an early attempt [43] to can be constructed by combining models 
estimate the metal contribution to the ca- f° r the solution and for the metal, but 
parity by quantum-chemical calculations a few attempts have also been made to 
for a lithium cluster met with mixed treat the interface as a whole. We present 
success: the values obtained for the sur- several approaches in increasing order of 
face polarizability were quite large - in the complexity, 
case of Li(lll) even excessively large. A 

new attempt has recently been under- 2.2. 7.1 Jellium in Contact with Model 
taken by N azmutdinov and coworkers [44] . Sol utions 

These authors suggested that the sur- The simplest molecular model for an 
face polarizability should not be calculated electrolyte solution is an ensemble of hard 
from the change in this surface dipole spheres treated in the MSA. This can be 
potential, but from a renormalization of combined with jellium to obtain a model 
the density matrix. They chose mercury for the whole interphase [46-48]. The hard 
as a model system and obtained values sphere model has been solved at the PZC 
for the effective position of the image only, so the combined model is restricted 
plane that increase toward negative charge to this point. It is natural to consider the 
densities (see Fig. 7) and are quite sim- jellium surface as a hard wall for the 
ilar to those obtained from jellium-type electrolyte and add the contributions of 
calculations. the hard-sphere electrolyte and jellium to 
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Fig. 8 Metal— solvent 
separation "s” as a function of 
the surface charge density for 
two different choices of the 
pseudopotentials [52, 53], 


the inverse capacity. However, in this way 
one obtains negative interfacial capacities 
for metals with higher electronic densities, 
which are clearly unphysical. Obviously, 
the interaction of the metal with the 
solution affects the response to an external 
field. A simple remedy was proposed by 
Schmickler and Henderson [47, 48]: they 
introduced a barrier that repels the metal 
electrons from the solution and reduces 
the surface polarizability. The height of 
the barrier was chosen such that the model 
gives reasonable values for the capacities 
of the sp metals - in this way they obtained 
the broken line in Fig. 5. Obviously, this 
ad hoc procedure is not quite satisfactory, 
even though the experimental trend is well 
reproduced. 

The main problem is the interaction 
between the metal and the solution. 
Several groups have tried to improve 
on the simple hard-wall model by con- 
structing semiempirical interaction po- 
tentials. A particular issue in these ap- 
proaches has been whether the average 
distance s between the metal surface 
and the first layer of solvent molecules 
changes with the charge density. If it 
does change, it makes an additional 


contribution: 

= (16) 
Qhift £ 0 dcfM 

to the inverse capacity. Halley’s 
group [49-51] proposed that this is a 
major contribution, which determines the 
form of the capacity charge characteristics. 
This idea was taken up by Amokrane 
and Badiali [52, 53], who constructed a 
metal-water potential composed of an 
attractive, long-range dispersion force and 
a short-range repulsion. They performed 
explicit calculations for Ag(lll), modeled 
as jellium with pseudopotentials, and 
water, and obtained a surprisingly strong 
variation of the water-metal separation 
s with the surface charge density ctm 
(see Fig. 8). The separation is smaller for 
high charge densities, irrespective of their 
sign, because the electrostatic pressure 
pushes the water toward the surface. This 
effect is less marked for negative charge 
densities, where the electrons spill out 
further and exert an outward pressure 
on the solvent. The absolute values of 
the s — ctm characteristics depend on the 
pseudopotentials for the jellium-water 
interaction, which determine the repulsive 
part of the potential, but the shape of these 
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Fig. 9 Solvent capacity for aqueous 
solutions according to the 
phenomenological theory of Amokrane 
and Badiali [52, 53], The full lines are 
from the experimental data for a 
solution of KPF6, the dashed curves 
for NaF. 


curves is the same for reasonable choices 
of these pseudopotentials. 

To arrive at a complete double-layer 
model, Amokrane and Badiali proceeded 
in a semiempirical manner. Assuming 
that the contributions of the metal and 
the solvent to the inverse capacity are 
additive (see Eq. 14), they obtained the 
solvent capacity from experimental data 
for the Helmholtz capacity of Ag(lll). In 
this way they obtained a solvent capacity 
for water, which shows a pronounced 
maximum near the pzc (see Fig. 9); this 
curve can be fitted to a model in which the 
solvent is represented by a layer of dipoles. 

This procedure can be carried fur- 
ther by taking experimental data for the 
Helmholtz capacities of other metals and 
extracting the metal contribution by as- 
suming that the solvent part is not affected 
by the metal. In this way, Amokrane and 
Badiali arrive at a consistent interpreta- 
tion of all experimental data. However, 
their theory hinges on the calculations for 
Ag(lll). In fact, the variation of the cal- 
culated metal capacity is so strong that it 
practically determines the solvent capacity 



in the sense that different experimental 
capacity data give almost the same solvent 
capacities. 

Berard and coworkers [54] have applied 
the RHNC to a simple water model and 
combined this with the jellium model. The 
solution and the jellium were assumed to 
interact electrostatically. This leads to a 
coupled set of equations for the density 
profiles of the electrons and the parti- 
cles in the solution, which was solved 
self-consistently through an iterative pro- 
cedure. A critical issue in this coupling is 
the distance of closest approach of the 
solvent molecules to the jellium edge, 
modulated by the repulsion of the inhomo- 
geneous electron gas from the orbitals of 
the solvent molecules. Berard and cowork- 
ers [54] allow the solvent spheres to come 
into contact with the jellium edge. More- 
over, owing to the presence of the solvent, 
the electron density spills further out of the 
metal, dropping to 0.1% of the bulk value at 
3 A. At an uncharged metal, the resulting 
strong coupling causes the solvent dipoles 
in the layer contacting the metal to have a 
small net orientation normal to the metal 
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Fig. 10 Oxygen (solid line) and 
hydrogen (dashed line) densities as a 
function of the distance from the center 
of the simulation box. The densities 
have been normalized to unity in the 
bulk. (Data taken from Ref. [56].) 
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surface, with the positive ends out. This 
is in agreement with the results of several 
computer simulations that we will discuss 
below. 

2. 2. 7. 2 Molecular Dynamics Simulations 

Realistic models for solvents such as 
water are too complicated to be treated 
by anything but computer simulations, 
and molecular dynamics has usually been 
the method of choice. Most studies have 
been limited to pure water in contact 
with a metal surface, but recently a 
few simulations have been performed for 
concentrated aqueous solutions. We will 
not attempt to survey this very active field, 
but give a few representative results. 

There are a variety of semiempirical 
models for water; most of them model 
the molecule by a few point charges 
with a Lennard- Jones or similar potential 
superimposed. For example, the popular 
rigid SPC/E model [55] consists of three 
point charges of — 0.8476<?o on the oxygen 
and 0.4238<?o on the hydrogen sites (eo is 
the proton charge) and a Lennard- Jones 
potential centered at the oxygen atom. 
The resulting dipole moment is somewhat 
larger than that of the isolated water 
molecule in the gas phase in order to 
account for the polarizability. Other water 
models have a built-in polarizability, but 


such complications increase the computer 
time. 

The interaction of water with the metal 
has been modeled in various ways: hard- 
wall, Lennard-Jones, and Morse poten- 
tials have been used, as well as potentials 
derived from ab initio cluster calculations. 
Whatever interaction is chosen, the pres- 
ence of the metal always induces a layering 
of the water molecules, similar to that seen 
in the hard-sphere ensemble. As an ex- 
ample, we show the density profiles for 
the oxygen and hydrogen atoms obtained 
by Foster and coworkers [56] in Fig. 10. 
The corresponding simulations were per- 
formed in the absence of an external field, 
that is , for the pzc, and in the c-direction the 
water was contained between two identical 
walls, while periodic boundary conditions 
were applied in the xy directions. As a 
result of the layering effect, the density pro- 
files exhibit a series of oscillations, whose 
amplitude diminishes toward the bulk. In 
the first two layers the profiles for oxygen 
and hydrogen differ somewhat: on an av- 
erage, the oxygen atoms are a little closer 
to the electrode surface than the hydrogen 
atoms. Therefore the dipole moment of 
the water molecules has a small net ori- 
entation along the direction of the surface 
normal, which produces a surface dipole 
potential x- The magnitude of this effect 




2.2 Electrical Doable Layers: Theory and Simulations 


151 



Fig. 11 Surface potential x as a function of the distance from the center 
of the simulation box. (Data taken from Ref. [44].) 


depends on the interaction between the 
metal and water; Fig. 11 shows the dipole 
potential for a simulation of water in con- 
tact with a mercury electrode. The total 
potential drop between the electrode sur- 
face and the bulk is of the order of several 
tenths of an electron volt, which agrees 
qualitatively with estimates of Trasatti [57] 
based on experimental data. 

The detailed structure of water at the 
surface is often discussed in terms of 
the bilayer model proposed by Doering 
and Madey [58] to explain water adsorp- 
tion on metal surfaces in the vacuum at 
low temperatures. As the name suggests, 
this model proposes two layers of water 
that are hydrogen-bonded to each other. 
Obviously, in the liquid state and at ambi- 
ent temperatures such a bilayer must be 
strongly disturbed, though a vestige seems 
to appear in some simulations [59]. Simi- 
lar, but more icelike, structures have been 
suggested by Kramer and coworkers [60]. 

When the electrode surface is charged 
or, equivalently, an electric field is intro- 
duced into the simulation box, the water 
molecules tend to align with the field; the 
extent to which this happens depends on 


the water model employed and on the in- 
teraction of the first layer with the metal 
surface. Xia and Berkowitz [61] suggest 
that at very high fields water undergoes 
a phase transition to an icelike ordered 
structure. 

The simulations reported above have 
been performed for pure water. Modeling 
the double layer requires the introduction 
of ions, which are usually represented as 
charged spheres with a Lennard- Jones 
potential. Given the limited size of the 
ensembles that can be handled, a statisti- 
cally meaningful number of ions results 
in a high concentration; typically of the 
order of 2 M. At present, a few such sim- 
ulations have been reported [62, 63], and 
more can be expected in the future as 
computing power grows. The results ob- 
tained so far are still tentative, but generally 
seem to be in line with physicochemical 
intuition and the notions developed by 
Grahame [64, 65] and Parsons [66], though 
a few details are surprising. Thus, the sol- 
vation of the ions plays a central role in 
the double-layer structure. In particular, 
the fact that the anions tend to be less 
strongly solvated than the cations induces 
an asymmetry with respect to the pzc. As 





Fig. 12 Distribution of the ions at an idealized metal surface with various surface charge densities. Dotted lines: cations (Na+), full lines: anions (Cl 
For comparison, the figure (a) shows the distribution of the oxygen atoms at the pzc. 
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an example, we show in Fig. 12 the den- 
sity profiles of Na + and Cl - obtained by 
Spohr [63] at the pzc and at surface charge 
densities ofer = ±9.9 |iF cm -2 . At the pos- 
itively charged surface the first peak for 
the weakly solvated anions is closer to the 
metal (in this case mercury) surface than 
the peak for the cation is at the negative 
surface. However, at the pzc the sodium 
ions are closer to the surface because their 
solvation shell can be accommodated be- 
tween the first and second water layers. 

The total potential drop at the interface is 
determined both by the distribution of the 
ions and by the orientation of the water; 
these two contributions tend to cancel each 
other, so there is a complicated interplay. 
While it is still too early to obtain the 
interfacial capacity from such simulations, 
first estimates give a reasonable order of 
magnitude [63]. 

2.2.7 .3 Car-Parinello-type Simulations 

In the simulations reported above the 
interactions between the various compo- 
nents were mostly based on semiempir- 
ical potentials. In contrast, Price, Halley, 
and their collaborators attempt to model 
the whole interface in the spirit of the 
Car-Parinello method [16]. One ofthefirst 
systems investigated was the interface be- 
tween a copper electrode and water [67]. 
For this purpose these authors set up 
a simulation cell with approximate di- 
mensions of 42 A x 15 A x 15 A. Each cell 
contained a slab of copper atoms that 
were five-layers thick, the two surfaces hav- 
ing (100) structure. The remaining space 
was filled with water molecules. Cyclic 
boundary conditions were applied in all 
directions. Obviously, an ab initio, all elec- 
trons calculation is quite impossible for 
such a system, and may not even be 
desirable. Instead, Halley and collabora- 
tors used a mixture of pseudopotentials 


and interaction potentials derived from 
quantum-chemical calculations. 

The system is investigated by molecular 
dynamics, performing a self-consistent 
calculation for the electronic subsystem 
at each step. The presence of the solvent 
is found to have a pronounced effect on 
the electronic distribution on the metal 
surface. In particular, the simulations 
clearly show the formation of image 
charges on the metal surface. 

This and similar studies from this group 
provide a very detailed description of 
the interface, to which we cannot give 
full justice in this limited space. Of 
course, such comprehensive simulations 
are presently of a preliminary nature, but 
they do indicate the important physical 
processes that occur at the interface. We 
may expect more work of this type to be 
performed in the future. 


Most of the theoretical work has been re- 
stricted to perfect single-crystal electrodes. 
However, in practical applications such as 
fuel cells, in which the electrode acts as a 
catalyst, it is desirable to maximize the sur- 
face area by using rough electrodes. Very 
rough electrodes can be modeled as frac- 
tals [68], but a double-layer theory for such 
electrodes has remained elusive. The op- 
posite limit of small roughness has been 
treated by Daikhin and coworkers [69] at 
the GC level. 

These authors start by defining a rough- 
ness function R(k ) through the relation 

C = R(k)Cqc (17) 

where C is the actual capacity, Cqc the GC 
value, and k is the Debye inverse length. 
Effectively, the Debye length 1/k defines 


2 . 2.8 

Rough Electrodes 
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the yardstick with which the surface area uneven distribution of the surface charge 
is measured. Therefore, must also be considered: the charge 

accumulates on the surface protrusions, 
lim R(k) = 1 and lim R(k) = R Then the roughness function becomes 

(18) quite involved, and depends also on the 
where R is the geometrical roughness electrode potential [70]. 
of the electrode, which is defined as the 
ratio between the true and the apparent 2.2.9 
surface areas. If the z-direction is taken Liquid-Liquid Interfaces 
as perpendicular to the average surface, 

then, for a moderately rough electrode, the In a certain sense, interfaces between two 
true surface is given by a single-valued liquids are simpler than those between 
function: a metal and a liquid, since they do not 

z = t;(x,y) (19) involve solid-state properties. However, for 

a long time the structure of liquid -liquid 
When the roughness is small it can interfaces has remained a matter of 
be treated as a perturbation, and the controversy. Essentially, there are two 
roughness function can be expressed different views: one holds that the interface 
through the Fourier transform (FT) of is sharp and contains a compact layer 
the surface. This theory is simple only of solvent molecules into which the ions 
near the pzc; away from the pzc the cannot penetrate. The other view posits the 



Fig. 13 Schematic picture of the interface between two immiscible 
liquids. 
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existence of an extended boundary layer in 
which the two solutions mix. 

During the last few years, the latter view 
has received more supporting evidence. 
Already the early experimental work of 
Giraultand Schiffrin [71], who determined 
the surface excess of water at the interface 
with 1,2-dichloroethane, had indicated the 
existence of a mixed boundary layer. 
Recent X-ray scattering experiments [72] 
indicate an average interfacial width of the 
order of 3 to 6 A. These experiments are 
in line both with model calculations based 
on the density functional formalism [73] 
and with computer simulations [74, 75], 
Accordingly, the interface is best visualized 
as rough on a molecular scale as indicated 
in Fig. 13. 

So far, there have been no molecular dy- 
namics simulations with a larger number 
of ions for these interfaces, and the double- 
layer theory rests on analytical calculations 
and on simulations of the lattice gas model 
(LGM). 


2. 2. 9.1 Verwey-Niessen Theory 

The basic system consists of two immisci- 
ble solvents, each of which contains a salt 
that is badly solvable in the other solvent. 
When a potential difference is applied be- 
tween the two solutions, opposing space 
charge layers form on both sides of the 
interface and give rise to a capacity. The 
simplest model consists of two diffuse dou- 
ble layers back to back, which are described 
by the GC theory - in the context of liq- 
uid-liquid interfaces this model is known 
as the Verwey-Niessen theory [76]. 

The interfacial capacity per unit area at 
the interface between two solutions labeled 
(1) and (2) is defined as 


C = 


der 

d(0f - 4 >?) 


(20) 


where <p°° is the value of the poten- 
tial in the indicated phase far from 
the interface. The capacity can be de- 
composed into a series combination of 
two GC capacities C,-, one for each 
interface: 


Q 


Si so , lie o(<A 5 - </>“) 
cosh ■ 


V T 


2kT 


( 21 ) 


where cp s is the potential at the idealized, 
flat interface (cf. Eq. 1). The latter must be 
calculated from the Poisson-Boltzmann 
equation [77]. 

The Verwey-Niessen model gives a rea- 
sonable first approximation, but at a closer 
glance significant deviations are observed 
even at low ionic concentrations, where 
this theory is expected to hold. Surpris- 
ingly, at low (<10 -2 M) concentrations 
the experimental capacity is often higher 
than that predicted by Verwey-Niessen 
theory - this is just the opposite to the be- 
havior of metal -solution interfaces, where 
the capacity is always lower than the 
GC value. 

These deviations were first explained by 
the presence of a compact, ion-free layer 
at the interface; this is known as the mod- 
ified Verwey-Niessen model. Obviously, 
the presence of an ion-free layer can only 
reduce the capacity, so the theory had to 
be modified further. For a few systems 
a consistent interpretation of the experi- 
mental capacity was achieved [78-80] by 
combining this model with the so-called 
modified Poisson-Boltzmann (MPB) the- 
ory [81], which attempts to correct the GC 
theory by accounting for the finite size 
of the ions and for image effects, while 
the solvent is still treated as a dielectric 
continuum. The combined model has an 
adjustable parameter, so it is difficult to 
judge whether the agreement with exper- 
imental data is significant. The existence 
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of a compact solvent layer is just a postu- 
late, and is difficult to reconcile with the 
extended boundary layer discussed in the 
previous section. 

22 . 9.2 Capillary Waves 

Since liquid-liquid interfaces are rough, 
the ideas for rough electrodes presented 
above can be applied, though with some 
modifications. Again, if this roughness 
is not too large, the interface can be 
represented by a function f (x, y ) at a 
particular moment of time. The two- 
dimensional Fourier components A(q) of 
this surface function are known as capillary 
waves; q is a two-dimensional wave vector. 
Thus, a rough surface can be considered as 
a superposition of capillary waves, which 
are present at all wavelengths. Of course, 
these cannot be observed as traveling 
waves, but only as a fluctuating surface 
roughness. 

The energy stored in a capillary wave 
is proportional to the surface area it 
creates. This entails a prediction for the 
distribution of the amplitudes: 

kT 

<A(q)A*(q)> = (22) 

ylql 2 

where the angular brackets denote ther- 
mal expectation values. This relation has 
indeed been observed in computer simu- 
lations of liquid-liquid interfaces [74, 75]. 

The concept of capillary waves can be 
used to explain how the surface roughness 
increases the interfacial capacity beyond 
the Verwey-Niessen value. For this pur- 
pose, Pecina and Badiali [82] have solved 
the linear Poisson- Boltzmann equation 
across the interface between two solu- 
tions with different dielectric constants 
and Debye lengths separated by a corru- 
gated surface. A major difficulty is the 
boundary condition at the rough interface. 


which these authors handle by a pertur- 
bation expansion treating the roughness 
as a small parameter. Following Daikhin 
and coworkers [69] (see previous section), 
Pecina and Badiali express the deviation 
from the Verwey-Niessen theory through 
a roughness function R(L' D , £;), which here 
depends on the dielectric constants of 
the two solutions and on their Debye 
lengths. Explicit expressions for the rough- 
ness function can be given for simple 
surface corrugations. While Pecina and 
Badiali consider small deviations from the 
pzc, the nonlinear case has been treated by 
Urbakh and coworkers [83]. 

The concept of capillary wave explains 
the increase of the interfacial capacity 
beyond the Verwey-Niessen limit, and 
thus helps in understanding the structure 
of the interface. A quantitative interpre- 
tation of experimental data within this 
model is, however, difficult since there are 
other causes for the deviations from Ver- 
wey-Niessen theory besides the surface 
roughness. 

2. 2. 9. 3 Lattice Gas Model 

The Ising model is one of the most 
versatile models in physics and chemistry, 
and in the equivalent form of the LGM 
it has also been applied to liquid-liquid 
interfaces. In this case it is based upon a 
three-dimensional, typically simple cubic 
lattice. Each lattice site is occupied by one 
of a variety of particles. In the simplest 
case the system contains two kinds of 
solvent molecules, and the interactions 
are restricted to nearest neighbors. If we 
label the two types of solvent molecules 
Si and S 2 , the interaction is specified by 
a symmetric 2x2 matrix ujy , where each 
element specifies the interaction between 
two neighboring molecules of type Sj 
and Sj. Whether the system separates 
into two phases or forms a homogeneous 



mixture depends on the relative strength 
of the cross-interaction wu with respect 
to the self-interaction terms wu and 
W 22 , which can be expressed through the 
combination 

w = W\2 - ( WU + W22)/2 (23) 

If w/kT is large, the system separates into 
two phases: a phase 1, which contains 
mainly solvent molecules Si and has 
only a low concentration of S 2 , and a 
phase 2, which is mainly composed of 
S 2 - If w is small, entropy wins and the 
systems forms one phase. If the system 
separates, it can be extended to a model 
for the interface between two solutions 
by introducing ions. In the basic case 
the system contains a salt composed 
of cations K\ + and anions Ai~, which 
is preferentially solvated by the solvent 
Si, but badly solvable in solution 2, 
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and a salt K 2 + A 2 ~ that is preferentially 
dissolved in solvent 2. This can be 
achieved by choosing suitable interaction 
parameters between the ions and the two 
solvents. 

In addition to the nearest-neighbor 
interaction, each ions experiences the 
electrostatic potential generated by the 
other ions. In the literature this has 
generally been equated with the macro- 
scopic potential (/> calculated from the 
Poisson- Boltzmann equation. This cor- 
responds to a mean-field approximation, 
in which correlations between the ions 
are neglected. The better this approxi- 
mation, the lower the concentrations of 
the ions. 

The lattice gas can be treated both 
by analytical approximations such as the 
mean-field or the quasi-chemical approx- 
imation, or by MC simulations. Both 
methods complement each other: the 



Fig. 14 Normalized distribution c(x)/cq of the ions for a potential 
drop of eoA <p/kT = 1 . The full lines give the distribution of the 
majority ions; in the region x < 0 these are the anions, in x > 0 
these are the cations. The dashed lines give the distributions of the 
counterions. The calculations have been performed in the 
quasi-chemical approximation for equal Debye lengths and 
dielectric constants in both solutions [84], 
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simple analytical approximations work 
best at low ionic concentrations, while 
the simulations, because of the finite en- 
semble size, are more suitable for higher 
concentrations. The quasi-chemical ap- 
proximation has been employed by Pereira 
and coworkers [84] and MC simulations 
have been employed by Huber and cowork- 
ers [85]. Both works give similar results. 
The most important effect is that the 
roughness of the interface entails an over- 
lap of the double-layer regions pertaining 
to the two solvents (see Fig. 14). This over- 
lap decreases the average distance between 
the two opposing charges, and hence it 
increases the capacity. At higher ionic con- 
centrations the finite size of the particle 
becomes noticeable, an effect that makes 
the capacity smaller. Hence, depending on 
the concentrations and on the various in- 
teraction parameters, the capacity can be 
larger or smaller than that predicted by the 
Verwey-Niessen theory; a few examples 
are shown in Fig. 15. Further details of the 
LGM can be found in a recent article by 
Schmickler [86]. 


2 . 2.10 

Conclusion 

All electrochemical processes take place in 
the double-layer region. Therefore, elec- 
trochemists need to know the distribution 
of the various particles and of the elec- 
trostatic potential and the charge near the 
interface in detail. After more than a cen- 
tury of double-layer theory, and more than 
50 years after the seminal paper by Gra- 
hame [64], it is pertinent to ask how far 
we have succeeded. Of course, the follow- 
ing remarks are the personal view of the 
author. 

The hard-sphere model, introduced in 
the 1980s, was a major step forward: it 
demonstrated the existence of an extended 
boundary layer at the solution side of 
the interface and gave a good estimate 
for the contribution of the solution to 
the interfacial capacity. However, it was 
solved within the rough MSA, which 
holds only for small excess charges. 
Within the integral-equations approach, 
further progress has been slow. So our 
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Fig. 15 Interfacial capacity in the lattice gas model for various 
ion-solvent interactions. The data were obtained from an MC 
simulation [85], The crosses denote the Couy-Chapman capacity. 
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main knowledge of the distribution of 
particles in the solution rests on computer 
simulations. With increasing computing 
power, it has become possible to include 
ions in the ensemble. To a large extent, 
these simulations support the notions 
presented in Grahame’s review: small 
cations are less likely to approach the metal 
surface than anions, the first layers of 
water have a more rigid structure, and the 
water dipoles are oriented by the electric 
field. However, the simulations do provide 
additional insight into the water structure 
and the solvation of ions near the interface. 
This is true both for metal -solution and 
for liquid-liquid interfaces. 

Another advance in the 1980s was 
the recognition that the metal surface 
contributes to the interfacial capacity. This 
explains why the capacity varies so strongly 
with the nature of the metal. Calculations 
based on the jellium model gave an 
estimate for the order of magnitude of the 
metal contribution, and reproduced the 
main trends. But again, further progress 
has been slow, and so far the methods of 
modern computational chemistry have not 
contributed much to our understanding of 
the double layer. 

So the advances during the last 50 
years have been mainly in our qualitative 
understanding of the double layer. Given 
the complexity of the interface, this is no 
small achievement. However, quantitative 
results are clearly desirable. Most probably 
they will come from further advances 
in simulation techniques and computing 
power, while the contribution of proper 
theory will diminish. This trend toward 
more numerical works may be regrettable, 
but is unavoidable. In any case, there 
are many open questions in double-layer 
modeling, and it will stay an active field of 
research for years to come. 
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2.3.1 

Polarizable and Nonpolarizable Liquid 
Interfaces 

The electrical double layer (edl) at the 
oil-water interface is a heterogeneous 
interfacial region that separates two bulk 
phases of polarized media and maintains a 
spatial separation of charges. EDLs at such 
interfaces determine the kinetics of charge 
transfer across phase boundaries, stability 
and electrokinetic properties of lyophobic 
colloids, mechanisms of phase transfer or 
interfacial catalysis, charge separation in 
natural and artificial photosynthesis, and 
heterogeneous enzymatic catalysis [1-5]. 

The interface between two immiscible 
electrolyte solutions (ITIES) can be either 
polarizable or nonpolarizable, depending 
on permeability to charged particles. If 
the interface is relatively impermeable it 
is called polarizable, otherwise it is called 
nonpolarizable or reversible. Planck [6] in- 
troduced a rigorous thermodynamic con- 
cept called a completely polarizable interface, 
defined as “an interface whose state is 
completely determined by the charge that 
has passed through it beginning from 
a given instant”. Planck’s definition as- 
sumes that direct current cannot flow 
through the interface. There can be only 
the transitive current in the boundary 
layer. However, the definition says nothing 
about how charged particles from different 
phases are distributed in this transitional 
layer. The distribution of particles in the 


boundary layer can have any configura- 
tion and the tales of this distribution 
for different particles can even overlap 
in the boundary layer (Fig. la, c). At a 
completely polarizable interface, charge 
transfer between bulk phases becomes im- 
possible. 

A different concept of an ideally polariz- 
able interface was formulated by Koenig [7] 
and represents a particular case of a com- 
pletely polarizable interface (Fig. lb, d). 
Two homogeneous phases a and ft are 
separated by a transitional layer whose 
properties gradually change from the prop- 
erties of phase a to those of phase ft. A 
Koenig’s surface, which is impermeable to 
all charged particles (both ions and elec- 
trons), is drawn in the transitional layer. 
This surface represents an infinitely thin 
and infinitely high-energy barrier for all 
the charged particles involved. It is this 
assumption that distinguishes an ideally 
polarizable interface from a completely 
polarizable surface, which makes it irrel- 
evant that charged particles are contained 
in each phase. Koenig’s definition cannot 
be described thermodynamically because 
it suggests a definite structure of the 
interfacial region and employs nonthermo- 
dynamic assumptions about the existence 
of an infinitely high-energy barrier for 
all charged particles. The term “ideally 
polarizable interface” was introduced by 
Grahame and Whitney [8], whereas Koenig 
used Planck’s term. Frumkin demon- 
strated that a completely polarized elec- 
trode, unlike an ideally polarizable one, 
can include systems with local adsorp- 
tion charge transfer. Although local charge 
transfer exists at the interface and Koenig’s 
surface cannot be drawn, there is no actual 
charge transfer between the phases, so the 
electrode is completely polarizable accord- 
ing to Planck, but nonideally polarizable 
according to Koenig. 
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Phase a 


© O © 0 



(C) X (d) X 

Fig. 1 An arbitrary scheme of the structure of a perfectly polarizable interface between two 
immiscible liquids (a, b, c, d) and an ideally polarizable interface (b, c). 


If phases a and contain at least one properties of some interfaces are very close 
common ion that can freely pass across the to being ideal, 
interface, the interface may be called re- 
versible or nonpolarizable (Fig. 2). Although 2.3.2 
the latter term is commonly accepted, it Verwey-Niessen Model 
does not correctly describe the state of the 

system. A reversible (nonpolarizable) in- Verwey and Niessen first described the 
terface can be partially polarizable or com- EDL at ITIES as two noninteracting diffuse 
pletely nonpolarizable. A completely non- layers, one at each side of the interface [9]. 
polarizable interface containing at least Both solvents were assumed to be struc- 
one common ion can pass a high current tureless media with macroscopic dielectric 
in either direction without causing a devi- permittivities, and potential distribution in 
ation of the interfacial potential difference the EDL was defined by Gouy- Chapman 
from the equilibrium value. Although, theory. 

in practice we encounter neither ideally Gavach and coworkers [10] extended 
polarizable nor completely nonpolarizable the Verwey-Niessen model (MVN) by 
interfaces, under certain conditions the introducing an ion-free transition layer 
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(b) X 


at the ITIES. This is directly analo- 
gous to the compact layer (or the in- 
ner Helmholtz layer) in classical elec- 
trochemistry. Stern theory was extended 
to ITIES, and the final model is re- 
ferred to as the modified Verwey-Niessen 
model. 

In the MVN model, the EDL consists of 
two diffuse ion layers back-to-back, which 
produce a compact inner layer between the 
two phases (Fig. 3). Dielectric permittivity 
of the medium at any point in the diffuse 
layer is assumed to be constant and equal 
to the bulk phase value e. The compact 
layer or inner Helmholtz layer is located 
between — S a and +S^. In a more detailed 
analysis, the dielectric permittivities in 
both parts of the compact layer are 
and 

In the MVN model, the boundary of the 
compact layer (called the outer Helmholtz 
plane) is at the distance of closest ion 
approach to the interface. For ions with 
different radii, a few outer Helmholtz 
planes can be introduced as necessary. 
In the absence of specific adsorption, 
the compact layer located between two 
nearest outer Helmholtz planes disposed 


Fig. 2 Scheme of the structure of a 
nonpolarizable interface between two 
immiscible electrolyte solutions (a) and 
the distribution of the concentrations of 
ions (b) capable of passing from one 
phase to another. 


on different sides of an ideal interface is 
usually called the ion-free layer. 

The maximum electrical potential in the 
compact layer includes a dipolar po- 
tential A °pg, which is shown schematically 
as a narrow region at the sharp interface. A 
dipolar layer can be located not only in the 
compact layer but can also occupy part of 
the diffuse layer. The amplitude and sign 
of A*pg can differ from the total interfacial 
potential. Figure 4 illustrates four possi- 
bilities for potential distribution at ITIES. 
Generally, the dipolar potential depends 
on the total interfacial potential A a p(j>. 

The interfacial potential difference con- 
sists of the sum of the potential drops: 

A^ = 0“ - / = - ft + A^0h (1) 

Charge density at each side of the EDL is 
usually called the interfacial free charge 
density, and depends on the model 
chosen for the interphase. In an ideal 
polarized electrode, the free charge equals 
the total thermodynamic charge in the 
Lippmann equation of electrocapillarity if 
all components of an interface have the 
same charges as they have in the bulk 
phases. 
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Fig. 3 Distribution ofthe electric potential in the electric 
double layer at the interface between two immiscible electrolyte 
solutions. 



Fig. 4 Different profiles of 
Galvani potential differences at 
the interface between two 
immiscible electrolyte solutions. 




We will denote surface charge density 
in the diffuse layers as q^, q d and in the 
compact layer as q^. From electroneutrality 
of the interphase, we have: 

<?d + 9h + q d = 0 (2) 

At the potential of the free zero charge 
( fzcp ), the compact layer has not adsorbed 
ions and the charges of the diffuse layers 
are equal to zero: 

d»“=^=0andA“«A h = A“^ (3) 

The dipolar potential A^0h also needs 
the index fzcp because of its dependence 
on total interfacial potential. Usually, the 
dependence is weak and Eq. (3) is used to 
determine the dipolar potential. 


From the Gouy- Chapman theory for a 
1 : 1 electrolyte, it follows that: 

2eoRT . Fcf> d 
qd = — sk smh — (4) 

where k is the Debye length, 



and c° is the bulk electrolyte concentration 
in the corresponding phase. 

If a Flelmholtz layer does not have 
charges, potential drops in the two diffuse 
layers have a simple relation: 


sinh —A. 
2R T 


( 6 ) 
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The relation between potentials of two 
diffuse layers depends on a parameter: 


n a /P 




e^K 




P r °P 


e r c 


(7) 


which is the reverse ratio of the diffuse- 
layer capacitance. There is a direct pro- 
portional dependence between (/>| and <p^ 
with coefficient when the potential 
drops are small: 


<P 

<P 


a 

d 

P 

d 


= -tf'P 


(8) 


From Eqs. (7) and (8), it follows that the 
potential drop cp& in the diffuse layer will 
be less if the dielectric permittivity e or 
electrolyte concentrations c° are increased 
or, if the diffuse double-layer capacitance 
Cd is increased. At the contact between 
aqueous and organic phases, virtually the 
entire drop of the potential occurs in the 
organic phase. However, with increasing 
interfacial potential, the situation changes 
dramatically. When potentials are large 
enough, Eq. (6) can be presented in a 
different approximation: 


</>a = ~^d ~ ~y sin ^d • ln (9) 



(e a ic 7e^) 

+ exp[F(A“d>- A“«Ah)/2RT] 

(e a K a / 

+ exp[-F(A“0- A“</»h)/2Rr] 
r t 

= -(A^-A^) + — 

(e^ /s a k 01 ) 

+ exp[F’(A“</>- A“</» a )/2RT] 

{£& / S a K 01 ) 

+ exp[-F(A"«/»-A"</) h )/2Rr] 

( 11 ) 

The spatial distribution of potential near 
the interface is accompanied by changes 
in electrolyte concentrations that produce 
surface excesses of ions. In each phase, the 
surface excess T; of an ion i can be divided 
into two components in the inner layer F? 1 
and in the diffuse layer T^: 

Fi = rj 1 + r? (12) 

The charge of each contacting phases is 
equal to: 

q = Y J Z i FT i (13) 


Here, the coefficient of proportionality is 
equal to one. 

From Eqs. (1) and (6), it is possible to find 
the dependence of the potential drop in 
both diffuse layers A^j0 — A^d>h on poten- 
tial drops <f and (j> ^ in each diffuse layer: 



{e^ / e a k 01 ) 

+ exp[F(A“</>- A“</> h )/2RF] 

X n (£& / e a K a ) 

+ exp[-F(A"</>- A“</> h )/2RF] 

( 10 ) 


For a binary electrolyte, the ion excess in 
the diffuse layer can be written as: 


2c° 

K 



ZjF<t> d \ _ 1 

2R T ) 


2 c° 



8eoeRrc° 


ztq 


8fioeRT c° 



(14) 


where c° is the electrolyte concentration in 
the bulk phase. 
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The interfacial capacitance C consists 
of the capacitance of the compact layer 
Ch and capacitance of two diffuse layers 
and Cj. Differentiating Eq. (13) with 
respect to charge q a of phase a, and 
assuming that the drop of the potential 
in the compact layer does not 

depend on an electrolyte concentration, 
we have: 


111 1 

C(q, c) C h (q) + C%(q, c) + C f[(q, c) 

(15) 

Diffuse layer capacitance depends on 
potential and electrolyte concentration: 


Q 


F 


2eo sc 

R T 


cosh 


F4> d 
2RT 


F 

2R T 


8eoeRTc ■ 


(16) 


In classical electrochemistry, the capaci- 
tance usually depends on surface charge q 
(Fig. 6). 


2 . 3.3 

The Electrocapillary Equation 

A comprehensive thermodynamic the- 
ory of the electrocapillary phenomena 
at polarizable and nonpolarizable liq- 
uid interfaces was developed by Markin 
and Volkov [11, 12] using Hansen’s 
method [13]. Electrochemical processes oc- 
curring at the interface between two im- 
miscible liquids are traditionally described 
on the basis of Gibbs thermodynamics of 
surfaces. However, Hansen’s method, by 
extending and generalizing Gibbs method 
gives us a better understanding of the 
nature of interfacial phenomena and pro- 
vides us with an improved method for 
describing them. Consider two phases in 
contact, a and ft with t\ neutral com- 
ponents, whose chemical potentials are 
designated by r c types of cations and 


r a types of anions with chemical poten- 
tials m. Using Hansen’s reference system 
and choosing the solvents a and fi as ref- 
erence substances, one can write down 
Hansen’s rendition of Gibbs adsorption 
equation: 


d r = ~ s la,p) dT + r kt ») d P 

~ ^2 dp-h - ^2 r i(M) d/Xi 

h 7 ^ 01 , fi i 

(17) 

Here s la,py T (a,fS) and v Ua.fi) are the 
surface excesses of the entropy, volume, 
and substance h in the reference system, 
when the absolute excesses a and f are 
zero. The terms corresponding to different 
components of the system are divided into 
two summations, one for neutral and the 
other for charged particles, the reference 
substances a and f being excluded from 
the sum of neutral particles. Individual 
components of the system, both charged 
and neutral, can be present either in both 
phases or in only one. The electrocapillary 
equation in its final form, which includes 
the electromotive force of the measuring 
cell, can be written as: 


d Y= ~ 




su as — I — - I Q a s* 


zj'F, 

2 ) e ^') ir 


/ ^ \ Q a v * 


U,P) 


zyF 


Q Pv r* ) d p 


Z2 f) * ^ 


' (^h(o !,/J) d/Tjj 

h 



X Fk(a,P) 



168 


2 Electrochemical Double Layers 


E ( + ) ^j(a,/)) d/I jk' 

j*r \v/ 









X 


Zir'I>(a,/i) + z j T j(<*,P) 

K 7A/' ) 


x d 



X I Zl'Tl^a.p) + E ZmT'm{ct,f}) I 
\ m^m' J 

X d inw ~ Q a d£“E (18) 


Note the symmetry of the last term with 
respect to the transposition of the a and ft 
indexes: 


e“d£ 


<*(/) 
P bn') 


Q p d E 


P(m') 

ot(j') 


(19) 


Equation (18) contains r\ + r c + r a — 1 
independent differentials of intensive vari- 
ables, whose number is equal to the num- 
ber of the degrees of freedom of the system. 

The impedance or electrocapillary prop- 
erties of the ITIES can be measured with 
the cell mentioned in Sch. 1. 

Silver-silver chloride electrodes are usu- 
ally used as the reference electrodes (RE), 
water is used as phase a, and nitrobenzene 



1 

2 

3 

RE! 

H 2 0 (a) 

A + B" 03 ) 

A + CT (a) 


M + cr 

oil 

h 2 o 


a i 

a 2 

a 3 


AA9 a0RE, A “j30 Afc “A^a^RE 


or 1,2-dichloroethane as phase ft. The 
interface between phases 1 and 2 is the 
polarized oil-water interface serving as 
a working electrode (interface). The com- 
mon cation A + is usually the terabutylam- 
monium ion, and B - is tetraphenylborate 
or dicarbollylcobaltate. 

The potential difference measured in the 
cell (I) consists of the sum of two interfacial 
potential drops: 

—E = Ap(/)+ A^ 8 0rei— A^ g d> RE2 + A(/>d 

(20) 

A0d is the Nernst-Donnan potential dif- 
ference between the nonaqueous fraction 
and the aqueous solution of RE 2 with the 
common ion A + : 

„ a RT «2 

A0 D = -A^0° + + — In (21) 

and A^d>® + is the standard potential 
difference for A + known from literature 
data or calculated theoretically. 

By suitable selection of the Cl - con- 
centrations and ionic strengths of the 
electrolytes into which Ag/AgCl - elec- 
trodes are immersed, we obtain: 

Aa g (/>REj - A^</>re 2 = ^ In ^ (22) 

F ay, 

Substituting (7.18) and (7.19) into (7.17), 
we obtain: 

dA^d> = — d£ — dA^o + -^rdln ~ 

(23) 

With Eq. (23), the electrocapillarity equa- 
tion at the flat oil-water interface can be 


2 Scheme 1 
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written as follows: 

dy = — r i d/Ti - Qu d E 

i 

RT , , aiat 

+ Q a — dln^d (24) 

where Q is the charge that must be 
supplied to each side (a or f, corre- 
spondingly) of the polarizable interface 
when expanding it by a unit area in 
order to maintain the potential differ- 
ence between the phases [14]. Figures 5 
to 7 illustrate dependencies of interfacial 
tension and capacitance on the poten- 
tial difference between two immiscible 
electrolyte solutions. 

At the ideally polarizable interface, the 
ions of each group are separated by the 


Koenig barrier, which rules out a possible 
overlap between the groups (Fig. lb). In 
this case, the free charges q a and qp of the 
phases are equal to the thermodynamic 
charges: q a = Q a = -qp = -Qp. 


Potentials of zero charge of the interface 
can be found reliably by the same 
independent methods that are used at 
the metal-water interface. These in- 
clude finding the differential capacitance 
minimum of the electric double layer, from 
electrocapillary curves, with a flowing- 
electrolyte electrode, with the vibrat- 
ing boundary method, with radiotracers, 
or by measuring the second harmonic 


2.3.4 

Zero-Charge Potentials 


Fig. 5 Comparison of electrocapillary 
curves for the interface between 
nitrobenzene solution of 0.1 M 
hexadecyltrimethylammonium 
tetraphenylborate and aqueous solu- 
tion of0.05 M Li F (o), LiCI (V), and 
LiBr (□). (From Ref. [15], reproduced 
by permission ofThe Chemical Society 
of Japan.) 
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Fig. 6 Electrocapillary curves at 25 °C 
for the interface between nitrobenzene 
solution of 0.1 M tetrapentylammonium 
tetraphenylborate and aqueous solution 
of 0.05 M LiCI in the presence ofx mmol 
dm' 3 C12E4: x = 0 (curve 1), 1 
(curve 2), 2 (curve 3), 5 (curve 4), 7 
(curve 5), 10 (curve 6), 15 (curve 7), 20 
(curve 8), 30 (curve 9), 40 (curve 10), 50 
(curve 11), 70 (curve 1 2), 80 (curve 1 3), 
and 100 (curve 14). (From Ref. [16], 
reproduced by permission ofThe 
Chemical Society of Japan.) 


generation. Potentials of the zero free 
charge at nitrobenzene/ water and 1,2- 
dichloroethane/water interfaces, obtained 
from the differential capacitance mini- 
mum of the electric double layer in solu- 
tions of a surface-inactive electrolyte do not 
necessarily correspond to the potentials of 
thermodynamic zero charge (Fig. 7). They 
can depend on electrolyte concentration 
(Fig. 8) when the capacitance of the com- 
pact layer is affected by surface charge as a 
result of nonlinear double-layer properties. 

The potential difference between two 
immiscible electrolyte solutions can be 
written as the sum: 

A^=A 20h + ^+*d (25) 

where A^</> and <pd are the potential drops 
across the compact and diffuse layers, 
respectively. In the linear approximation 
and in the absence of specific adsorption, 
the electric double layer is equivalent to 


three capacitors in series: 

dA“0 dA“0 h d 0“ d/ A 


d q 


d q 


-T + -T- (26) 

d q d q 


One can use the following approximation 
when modeling the electric double layer: 


d 2 A?0 d 2 A"0h d 2 0“ d 2 <V? 


d ci 1 
where 


dq 2 


d q 2 d q 2 


(27) 




C 3 ’ 


iff 

K = - 
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C^' 


(C?) 3 ’ 


<) 3 


(28) 


We find the position of the minimum in 
the C vs. A^0 curve as: 


A 


0 (29) 
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Fig. 7 Interfacial tension and differential capacity as functions of applied 
potential difference. The medium: 0.1 M LiCI in water, 0.1 M 
tetrabutylammonium tetraphenylborate in the nitrobenzene at 25 °C. 
(Experimental points are taken from Refs. [1 7, 1 8].) 

It follows from the Gouy-Chapman concentration (Fig. 8). Therefore, a cor- 
diffuse-layer theory that if q a = qp = rect determination of the zero free-charge 
0 then, (4> a A )" = = 0. Therefore, potential for the nitrobenzene-water sys- 

<p" = 0 applies only when A “07 = 0, tern in the presence of a binary surface- 

that is, when the compact layer capacitance inactive electrolyte is possible only at 

is independent of surface charge. It has base-electrolyte concentrations less than 

been shown that C c generally depends on 0.01 M. For the water-nitrobenzene sys- 

potential and charge, and A ^0" ^ 0. As tem, this quantity A" b 0p Z f c = — 0.29 Vand 

the value of A^0" in the region of the for the water-1, 2-dichloroethane system 

potential of zero free charge increases, AJ e </> pz f c = —0.27 V. 

the value of q corresponding to the For many systems, the maximum of the 
minimum in the C vs. A^</> curve will electrocapillary curve is located in the re- 
also increase [14]. gion of ideal polarizability of the electrode. 

For the water-nitrobenzene system, one and the maximum potential corresponds 

observes a strong dependence of ca- to the potential of zero total (thermo- 

pacitance of the compact double layer dynamic) and zero free charge. At the 

on surface charge, even in the absence mercury-water interface, the region of 

of specific adsorption. This leads to a ideal polarization is a few volts when sol- 

dependence of the potential minimum uble mercury salts are absent (2.2 V), but 

in the capacitance curve on electrolyte at the interface between two immiscible 
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Fig. 8 Displacement of the differential-capacity minimum on 
the potential axis as a function of electrolyte concentration in 
the water-nitrobenzene system. The medium: 0.1 M LiCI in 
water and 0.1 M tetrabutylammonium tetraphenylborate in 
nitrobenzene. (Constructed from data of Samec and 
coworkers [19].) 


liquids, the region is about a tenth of 
that value. Under conditions in which the 
current flow does not significantly alter 
the compositions of the liquid phases and 
in which the equilibrium at the interface 
is not disturbed by the current, the elec- 
trocapillary curves yield the potential of 
zero total charge. However, under realis- 
tic conditions in which the region of ideal 
polarization is narrow, the maximum of 
the electrocapillary curve corresponds to 
the potential of zero total charge, rather 
than zero free charge. This closely resem- 
bles systems consisting of amalgams and 
liquid electrolyte (LE) solutions that are 
described by Frumkin [20]. 

The structure of the electric double 
layer at ITIES has been investigated 
using such common electrochemical 


methods of capacitance measurements 
as impedance, galvanostatic, and poten- 
tiodynamic techniques. More recently, it 
has become possible to measure elec- 
tric double-layer capacitance at the ITIES 
using a four-electrode potentiostat or two- 
electrode potentiostat. Commonly stud- 
ied systems are nitrobenzene /water and 
1,2-dichloroethane /water, in which the 
organic phase has a relatively high dielec- 
tric permittivity and a high dissociation 
constant. 

In typical investigations, cyclic current- 
potential curves are usually determined 
before impedance measurements in order 
to find the potential range in which the con- 
tribution of faradaic impedance is low. The 
electric double-layer capacitance is mea- 
sured in the potential window between 
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extremes in the cyclic voltamogram. 
Over this range of potentials, the wa- 
ter-dichloroethane interface has proper- 
ties close to those of an ideally polarizable 
electrode. 

A “diffuse” picture of the compact 
layer has been considered [19]. According 
to this hypothesis, adsorbed ions can 
penetrate into the compact layer, which 
consists of solvent dipoles, analogous to 
nonlocalized electron gas penetration from 
a metal electrode to an aqueous electrolyte 
solution. Here, a penetrating ion can act as 
a hydrophobic anion in the organic phase 
and potential distribution <p(x) near to 
the point of zero charge can be calculated 
using the Poisson-Boltzmann equation: 


If X 

< *2’ 

E — E w ■ 



0" = 

(/c w ) 2 (</» - A ™ rg </>) 

(30) 

I f x] 

r < X 
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If X 
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> x 2 , £ = £ 0 rg • 



<t>" = (^org) 2 (0 - Kr g <P) (32) 


In each of these three areas, the solution 
can be written as 

4>{x) = A+e KX + A-e~ KX (33) 


As a result, the equation for the 
capacitance of the electric double layer is: 


q w H'wl^w^org 
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exp(— /c h <5) 
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x exp(/c h <5) + 11- 


£ h^h 

gorg^org 

gh^h 

gorg^org 


x(l - exp(-/r h S) 

V £ hHi / 


(35) 

where S = x ^ — x™. It should be noted 
that the size of a hydrophobic penetrating 
anion is large in relation to the compact 
part of the EDL and it is not clear if the 
Poisson-Boltzmann equation can be used 
in this case. 


2.3.5 

Specific Adsorption at Liquid-Liquid 
Interfaces 


where six coefficients A + and A_ can 
be determined from the six boundary 
conditions: 

0(-°o) = Krg<t> 
fi(oo) = 0 

fiixfi - 0 ) = 4>(xf + 0 ) 

(34) 

(j> (Xj r§ ~ 0) = 0 (*2 r§ + 0) 

£w<P' ( x 2 “ 0) = s h rt,'(xf + 0) 

£ h d>'(x ” 8 - 0) = Eorg<t>(X2 S + 0) 


Ions can be adsorbed specifically if the 
main contribution to their interaction with 
the interface (ions, dipoles) is caused by 
non-coulombic short-range forces. Specific 
adsorption cannot be explained using 
only the theory of diffuse double layer. 
Specifically adsorbed ions penetrate to the 
compact layer and form a compact or loose 
monolayer. The surface passing through 
the centers of specifically adsorbed ions is 
usually called the inner Helmholtz plane. If 
several kinds of specifically adsorbed ions 
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are present, each ion can have its own 
inner Helmholtz plane. 

It was found while studying the mech- 
anism of electron transfer (ET) across the 
interface between two immiscible liquids 
that specific anion adsorption occurs at 
the octane-water interface in the presence 
of metalloporphyrins. This adsorption in- 
creases in the order of Cl - , Br - , I - , and 
is caused by coordinative bonding of the 
anions as ligands of the porphyrin metal 
atoms. 

Specific ion adsorption at the po- 
larizable nitrobenzene-water interface 
containing monolayers of phosphatidyl- 
choline, phosphatidylserine, octaethylene 
glycol monodecyl ethers, tetraethylene 
glycol monodecyl ether, and hexade- 
cyltrimethylammonium (HTMA + ) was 
studied in detail. HTMA + exhibited no 
specific adsorption in the potential range 
in which the aqueous phase was pos- 
itive [21], whereas a strong adsorption 
occurred in the potential range in which 
the electric potential in the aqueous phase 
was negative with respect to the nitroben- 
zene (Fig. 9). 

Another example of specific ion ad- 
sorption was discussed in terms of the 
formation of interfacial ion pairs between 
ions in the aqueous and the organic 
phase. The contribution of specific ionic 
adsorption to the interfacial capacitance 
can be calculated using the Bjerrum the- 
ory of ion-pair formation. The results 
show that a phase boundary between two 
immiscible electrolyte solutions can be de- 
scribed as a mixed solvent region with 
varying penetration of ion pairs into it, 
depending on their ionic size. The capac- 
itance increases with increasing ionic size 
in the order Li + < Na + < K + < Rb + < 
Cs + . Yufei et al. [22] found that significant 
specific ion adsorption occurs at the inter- 
face between two immiscible electrolytes 


and the potential dependence of the ca- 
pacitance is strongly influenced by the 
adsorption isotherms owing to the interfa- 
cial ionic association. 

When there is specific adsorption of 
ions dissolved in phase a the condition 
of electroneutrality can be written as 

q P = ~q a = -(*li + q%) (36) 

where m is the charge of the in- 
ner Helmholtz plane. The separation of 
q a from and q ? cannot be done 
without introducing a model of the 
interface. 

Although capacitance of the interface 
can be calculated as before using the 
equation 

d^ ^ J 

d q d q dq dq 

the second term in the right side of 
the equation is not the diffuse-layer 
capacitance since the charge of a diffuse 
layer in phase a is equal to 

9d = -0/3 - X! q i J (38) 


The diffuse-layer capacitance is equal to 

(39) 

acp~ d 

and one can write 


r — 

d - dr d 




C-1 = (C i)-t + (C“)-1 


+ (c£ r 1 


dqP 


(40) 


The drop of a potential in the compact layer 
depends on the surface charge q a and the 
charge of the inner Helmholtz plane q" J . 
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Fig. 9 Schematic representation of the double-layer structure of the interface between 
nitrobenzene and aqueous solutions in the presence of the specific adsorption of 
hexadecyltrimethylammonium ions [21]. (Reproduced by permission of the Chemical 
Society of Japan.) 



(42) 
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Here the index q“’ J means that all q"' J are 
constant except one. 

In the absence of specific adsorption 
the capacitances of the interface, compact 
and diffuse layers are always positive. The 
capacitance of the compact layer in the 
presence of specific adsorption can be 
either positive or negative. 

2 . 3.6 

Adsorption Isotherm 

Traditional models for calculation of ad- 
sorption isotherms are based on the as- 
sumption that surface-active compounds 
at the interface can substitute for adsorbed 
molecules of one solvent but cannot pen- 
etrate the second phase. Although these 
models are useful for metal-water inter- 
faces, recent interest has focused on the 
surface chemistry of amphiphilic com- 
pounds that can penetrate both phases 
and replace adsorbed molecules of both 
solvents, for example, water and oil. Am- 
phiphilic molecules consist of two moieties 
with opposing properties: a hydrophilic po- 
lar head and a hydrophobic hydrocarbon 
tail. We present here, a theoretical analy- 
sis of the generalized Frumlcin adsorption 
isotherm for amphiphilic compounds. 

The interface between two immiscible 
liquids may be considered to be a surface 
solution of surfactant in a special kind 
of solvent. In order to calculate the 
entropy of such a solution, we will 
adopt a simplified lattice model and use 
lattice statistics, a widely used method 
for describing surface solutions. The 
transition from three-dimensional (3-d) 
to two-dimensional (2-d) geometry may 
cause errors in statistical formulas, if 
some peculiarities of 2-d solutions are 
overlooked. 

The main difficulty when dealing with 
a monolayer of a surfactant, one can 


consider this monolayer as a 2-d system. 
The solvent molecules do not form a mono- 
layer, but rather a multilayer. Therefore, 
the transition from 3-d- to 2-d-geometry 
should be specified. Consider molecules 
of both solvents that are substituted by 
a surfactant (Fig. 10). Suppose that these 
molecules can be assembled into columns 
consisting of m D molecules of oil and »? w 
molecules of water. Suppose that one col- 
umn of oil molecules matches the n w 
molecules of water. This match of 1 oil 
column and « w water columns will be con- 
sidered in what follows as a quasi-molecule 
of solvent Q. These quasi-molecules con- 
stitute a "monolayer” of solvent. They 
consist of m 0 oil molecules and n w m w 
water molecules. 

Designate the molecules of surfactant in 
the bulk as A, and in the monolayer as B. 
At the interface, aggregation of surfactant 
molecules can take place, B r A, such as 
dimerization of porphyrin or pheophytin 
molecules at the octane-water interface. 
Let the surfactant B replace p quasi- 
molecules at the interface. Therefore, one 
can write 

p Q + r A = B + p(oil) + pn w (water) 

(43) 

The chemical potentials for (7.76) are: 

PH Q + t'H A = H B + PH o + P«wMw (44) 

Taking the 2-d solution as ideal, we have: 

Hq = Hq + RT lnXq (45) 

pi = //4 s + RT lnX| (46) 

In the bulk phase, we have: 

h\ = H° A h + RT InX \ (47) 

p h D = li 0 o h + RT\nX h o (48) 

nl = ^ h + RTln^ (49) 
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Fig. 10 Structure of oil-water interface with adsorbed monolayer of 
amphiphilic surfactant B. 



< X A> f _/ A b G °\ 
(X^)P (Xb)P(Xb)P«w R T ) 

(52) 

We considered the 2-d solution of surfac- 
tant B in the solvent of quasi-particles Q, 
in which the mole ratios were defined as 


N s 

yS B . v s 

x b - n[T at* ’ Q 


n* + ns q 


Some authors prefer another set of 
definitions when real particles in the 
interface are considered. The equation 



In the past, the adsorption isotherm was 
presented in terms of the fraction 8 of the 
surface actually covered by the adsorbed 
surfactant. 

If we introduce rj as the ratio of areas 
occupied in the interface by the molecules 
of surfactant and oil, the mole fractions 
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in surface solution can be presented as 
follows: 

® x s _ Vil - ©) 

B © + p(l-©)’ ° © + )?(1-©) 

(59) 


The adsorption isotherm takes the form 
© 


r]P( 1 - &)P 


[© + /?(1-©)P 


-l 




(XS)P(X^)P»w 


exp | 


A|G«' 
R T 


(60) 


In this isotherm, the mole fractions X B , X B , 
X B of the components in the bulk solution 
are presented. In the general case, they 
must be substituted with activities: 
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r]P( 1 - ©)P 


[0 + i7(l-©)] 


- RHP -1 






■exp | 


A b G ° 

R T 


(61) 


If the molecules B can interact as pairs 
in the adsorbed layer and the energy 
of each new particle is proportional to 
its concentration, then their chemical 
potential, instead of Eq. (46), should 
be presented as: 

fi% = /4'° + RTlnX- 2 aRTX (62) 


where a is so-called attraction constant. 
Then, after some algebra we obtain, 
instead of Eq. (60), the isotherm: 


aiP-i 


©[>? ~ (d ~ 1)®] 
r]P(l — &)P 

a\y 

(Xb)P(X B )P«v 


exp(— 2a 0) 


exp 


A b G ° 
R T 


(63) 


Recall that i] was introduced as the 
ratio of areas occupied in the interface 
by the molecule of surfactant to the 
same of oil, and p was introduced as 


the number of columns of oil, which 
could be supplanted with one molecule 
of surfactant. Therefore, p is a relative size 
of the surfactant molecule in the interfacial 
layer. It is reasonable to suppose that: 


n = p (64) 


If the concentration of surfactant in the 
solution is not high and the mutual 
solubility of oil and water is low, then we 
can use the approximation X B = X B = 1, 
so that the general Eq. (63) simplifies to: 


@[ P -jp- DQf 1 
pP( 1 - &)P 


exp(— 2 a®) 


= (X B ) r exp 


A b G ° \ 

R T J 


(65) 


This is the final expression for the 
isotherm that we will call the amphiphilic 
isotherm [23]. It is straightforward to 
derive classical adsorption isotherms from 
the amphiphilic isotherm (65). 

1. The Henry isotherm, when a = 0, r = 

1, p = 1, © « 1: 


0 = X B exp 


A b G ° \ 

R T J 


( 66 ) 


2. The Freundlich isotherm, when a = 0, 
P = 1, © « 1: 


© = (X B )' exp 


A b G ° \ 

R T J 


(67) 


3. The Langmuir isotherm, when a = 0, 
r = 1, p = 1: 


© 


1 - 0 


= exp 


A b G ° \ 

R T J 


( 68 ) 


4. The Frumkin isotherm, when r = 1, 
P = 1: 
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© 

1 - © 


exp(— 2a®) = exp 


A|G»\ 
R T J 
(69) 


Therefore, the amphiphilic isotherm 
(65) could be considered as a generaliza- 
tion of the Frumkin isotherm, taking into 
account the replacement of some solvent 
molecules with larger molecules of surfac- 
tant. Of course, the amphiphilic isotherm 
includes all the features of the Frumkin 
isotherm and displays some additional 
ones. To elucidate them, it will be conve- 
nient to change the variable to the rel- 
ative concentration y = X^/X^ (0 = 0.5), 
where X^(0.5) is the concentration corre- 
sponding to the surface coverage 6 = 0.5: 


y = 


&[p - (p - l)Q] p - 1 

(p + l)/’- 1 (l-@) p 


exp(o — 2a®) 
(70) 


This equation gives the coverage fraction 
6 as a function of relative concentration 
y, while a and p are the parameters of 
this isotherm, the first being the attraction 
constant and the second, the size of surfac- 
tant. These parameters play an important 
role because their effect on the shape of 
amphiphilic isotherm is very strong. 

Amphiphilic isotherm (65) analysis can 
be used for the determination of the inter- 
facial structure. An amphiphilic molecule, 
which consists of two moieties with oppos- 
ing properties such as a hydrophilic polar 
head and a hydrophobic hydrocarbon tail, 
should be used as an analytical tool located 
at the interface. Pheophytin a is a well- 
known surfactant molecule that contain 
a hydrophobic chain (phytol) and a hy- 
drophilic head group. The value of p, less 
than 1.0, indicates that adsorbed molecules 
of n -octane are parallel to the interface be- 
tween octane and water [23] (Fig. 11). Sub- 
stitution of one adsorbed octane molecule 
requires about 4 to 5 adsorbed pheophytin 


or chlorophyll molecules. These are sup- 
ported by molecular dynamic studies in the 
systems decane/water, nonane /water, and 
hexane/ water. The structure of both wa- 
ter and octane at the interface is different 
from the bulk. Adsorbed at the interface, 
octane molecules have a lateral orientation 
at the interface, as it shown in Fig. 11. 

2.3.7 

Image Forces 

Any charge near phase boundary interacts 
with it because of the different polarization 
of two phases. The force of this interaction 
can be found by solution of the Laplace 
equation, but it is more convenient to use 
the method of images. This method em- 
ploys a fictitious charge (“image”), which 
together with the given charge creates the 
right distribution of electric potential in 
the phase [24]. All ions interact with all 
images giving rise to the so-called “image 
forces.” The image forces are largely re- 
sponsible for both positive and negative 
adsorption. Important contribution to this 
effect is given by the change of the size 
of solvation shells of ions in the boundary 
layer. This has an impact on the planes 
of closest approach of ions and dipolar 
molecules to the phase boundary. 

The electrostatic Gibbs free energy for an 
ion in the vicinity of a boundary between 
two liquids with dielectric constants ei and 
£2 (Fig. 12) is determined by the Born ion 
solvation energy and by the interaction 
with its image charge. In research dealing 
with the energy of image forces and 
with the interactions of charges at the 
oil-water interface, approximate models 
of the interface are often employed, which 
are based on the traditional description of 
the interface between two local dielectrics. 
In the oil-water system, the force of 
attraction (or repulsion) of charge in the 
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Fig. n The amphiphilic compound pheophytin a, which can 
substitute one-sixth of the lateral oriented adsorbed molecule of 
octane, is a tool for the evaluation of the interfacial structure. 


organic (fi) phase with its image in the 
aqueous phase (a) sitting on the same 
axis perpendicular to the dividing plane is 
given by: 

F(h) = - Sa ~ Sf> U ' eo) — j (71) 

s a + £p l(msoeph z 

where h is the distance from the interface. 
If e a > sp, the charge in the nonpolar 
phase is attracted to its image, but if 
e a < sp there is repulsion between the 
charge in an organic phase and its image. 
From Eq. (71) it follows that charges in 
the organic phase are attracted to the 
oil-water interface. Image forces attract 
the diffuse layer on the organic side, 
making it thinner, and repel and thicken 
the aqueous diffuse layer. 

The Kharkats-Ulstrup model [25] incor- 
porates the finite radius of an ion a, which 
is assumed to have a fixed spherically 


uniform charge distribution and can con- 
tinuously pass between the two phases. For 
a point charge at long distances from the 
interface, electrostatic Gibbs free energy 
can be written as 

AG = to0)2 (4+ e «-«/<y | 
327zeos a a \ e a + ep h ) 

(72) 

where a is an ionic radius, h is the distance 
from the interface and ze is the charge of 
an ion. 

The potential (f> for the spherically 
symmetrical charge distribution is 


ze o 


47TEoe a ri 
ze o 


£a — 


47zsoE a r[ e a - 
ze o 2sp 

Aneoepri e a + ep 


(in region a) 


-ep 
(in region /? ) 


(73) 
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Fig. 12 The relative arrangement of a 
spherical ion and a planar interface 
between two immiscible liquids with 
dielectric permittivities e a and ep: 

(a) the ion-center distance from the 
interfacial plane P exceeds the ion 
radius; (b) the ion partially penetrates 
the interface, h < a. 



a 


Using standard procedures of calculations, 
Kharkats and Ulstrup obtained equations 
for the electrostatic part of the free Gibbs 
energy of a finite-size ion. 

When h > a 
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(ze o) 2 


32 it £q£ (%ct 


— £ft 
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(74) 

The first term in (74) is the Born solvation 
energy, and the second is the interaction 
with the image. For a charge located in 
region f>, the electrostatic free energy is ob- 
tained from (74) by exchanging e a O £p. 

Kharkats and Ulstrup [25] obtained the 
expression for the electrostatic free energy 
in region 0 < h < a: 


4G = _l=£0)L 

327t eoficfl 
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(75) 

If h = 0 and center of an ion is at the 
interface, electrostatic Gibbs energy will 
be equal to 


A G(h = 0) = 


(ze o) 2 

47T£o(£ct + £p )a 


(76) 


The Figure 13 illustrates the effect of 
image forces on the electrostatic Gibbs 
energy of an ion at the oil-water interface. 

Image forces play a significant role in 
electric double-layer effects. The excess 
surface charge density is 



where 


A g(h) 
k B T 
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(77) 
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(78) 
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Fig. 13 Electrostatic Gibbs energy 
profiles for ion transfer across the ITIES 
boundary. Solid lines: finite-size ion 
profiles in units of (ze) 2 /ei a, £i = 78 
and different values of £ 2 . Dashed lines: 
profile for the point change model in the 
same units, £1 = 78, £2 = 10 [25], 
(Reproduced by permission of Elsevier 
Sequoia S. A.) 


A G(h) is the electrostatic contribution to 
the Gibbs energy of solvation, and /r a and 
h c are the distances of closest approach 
of the anion and the cation. If image 
forces are taken into account, the diffuse 
layer capacitance can be calculated by the 
equation: 


Q = C d GC exp 


Agf/tp) 
2k b T 


(79) 


where C GC is the Gouy- Chapman diffuse 
layer capacitance without image terms. 
As noted by Kharkats and Ulstrup [25], 
Eq. (79) always gives diffuse layer capaci- 
tance corrections toward higher values. 

The first step to statistically correct the 
Gouy- Chapman theory for the diffuse 
double layer used a restricted primitive 
electrolyte model. This model considers 
ions to be charged hard balls of identical 
radii in a structureless dielectric contin- 
uum with constant dielectric permittivity. 
There are three main approaches to creat- 
ing a statistical theory with this model. The 


first approach uses the Gouy-Chapman 
theory and the average electrical field in the 
diffuse layer is calculated from the Pois- 
son equation. The structure and physical 
properties of the double layer were then 
calculated from the restricted primitive 
electrolyte model. As a result, the modified 
Poisson- Boltzmann theory (MPB) was de- 
veloped. 

The second statistical approach incor- 
porates correlation functions and integral 
equations from the theory of liquids. In 
this case, the well-known uniform Orn- 
stein-Zernike equations were modified 
to calculate the ion distribution function 
near a charged interface. Modified in this 
way, the Ornstein-Zernike equations be- 
came nonuniform and were solved using 
hyperneted chain approximations (HCA) 
incorporating a mean spherical approxi- 
mation (MSA) for correlation functions 
(HCA/MSA). A third statistical approach 
used to describe the EDL was achieved 
by using the integral Born-Green-Ivon 
equations. 




2.3 Electrochemical Doable Layers: Liquid-Liquid Interfaces 


These correlation function approaches 
resulted in the theory of ionic plasma in 
semi-infinite space. The next advance in 
describing the double layer was achieved 
by upgrading the restricted primitive elec- 
trolytes model to a “civilized” or “non- 
primitive” model. This was accomplished 
by addition of hard spheres with embedded 
point dipoles to the restricted “primitive” 
model. This theory takes into account the 
presence of long-range Coulomb interac- 
tions, image effects, and external electrical 
fields. The new “nonprimitive” model 
became the basis for the theory of ion- 
dipole plasma. The serious mathematical 
difficulties encountered in describing the 
“nonprimitive” models necessitated the 
development of less statistically rigorous 
intermediate models. In these intermedi- 
ate models, the first monolayer of solvent 
molecules at the charged interface was con- 
sidered as a complex of discrete particles 
and an electrolyte outside this layer was 
described by the Gouy- Chapman theory. 
This intermediate approach was able to 
provide good theoretical agreement with 
experimental results. 

The concept of constant dielectric per- 
mittivity in the double layer is also of 
concern. Different factors such as high 
ionic concentration or strong electric fields 
can affect the dielectric permittivity. In ad- 
dition, description of the dielectric proper- 
ties of solutions by a single parameter - the 
dielectric permittivity - also came under 
criticism and led to the development of 
nonlocal electrostatics. 

Nonlocal electrostatics takes into con- 
sideration discrete properties of solvent 
molecules. It assumes that fluctuations 
of solvent polarization are correlated in 
space. This means that the average polar- 
ization at each point is correlated with the 
electric displacement at all other points 
and therefore, uses the solvent dielectric 


function that couples polarization vectors 
throughout the solvent. 

2.3.8 

Modified Poisson-Boltzmann (MPB) Model 

The popular Poisson-Boltzmann equa- 
tion considers the mean electrostatic 
potential in a continuous dielectric with 
point charges and is therefore, an ap- 
proximation of the actual potential. An 
improved model and mathematical solu- 
tion resulted in the MPB equation [26], 
This equation is based on a restricted prim- 
itive electrolyte model that considers ions 
as charged hard spheres with diameter 
d in a continuous uniform structureless 
dielectric medium of constant dielectric 
permittivity s. The sphere representing an 
ion has the same permittivity e. The model 
initially was developed for an electrolyte at 
a hard wall with dielectric permittivity e w 
and surface charge density a . The charge 
is distributed over the surface evenly and 
continuously. 

This theory takes into account the finite 
size of ions, the fluctuation potential, and 
image forces in the electrolyte solution 
next to a rigid electrode, but it still an 
approximation. The MPB theory begins 
with the Poisson equation for the mean 
electrostatic potential i/r in solution: 

-j-^y = - — ^2 Zie 0 n°goi(x) (80) 
i 

where £o is the electrical constant, z\ 
is the charge number of ion i, eo is 
the elementary charge, w? is the bulk 
number density, and goiM is the wall- 
ion distribution function representing the 
ratio of the local ion density to the ion 
density of the bulk electrolyte solution. The 
distance x is measured from the electrode, 
so that the distance of closest approach 
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of an ion i is d/2. According to Kirkwood, 
the distribution function is given by the 
following equation: 


gOiM = Si(x) exp 


1 

— Zieoif(x) + m 


(81) 

The factor pi(x) accounts for the ex- 
cluded volume of the ion, pi is the 
fluctuation potential that takes into con- 
sideration the ionic atmosphere around an 
ion created by other ions. The fluctuation 
potential can then be presented as 


\ rzieo 

m = lim r ^o(0f - 4%)d(zieo) 

where 


4>* = 0i ~ 


Zjep 

Axsepr 


(82) 

(83) 


cpi is the fluctuation potential created by the 
ion i and its atmosphere, r is the distance 
from the center of the ion. The difference 
i p* is the potential created by the ionic 
atmosphere only and <p* b is the value of this 
potential in the bulk electrolyte solution. 
There are several methods for calculating 
(pi, and if the image effect is taken into 
account, it can be presented as: 


(pi = Bp 


1 

- exp(— Kr) 
r 


/ 

y* 


exp {—Kr*) 


if r > d,x > 0 (84) 


where / is the image factor determined 
by the difference between two dielectric 
constants of the electrolyte solution and 
the electrode: 


£ £ w 
£ + £ w 


(85) 


In Eq. (84), Bo is a constant, and r* is 
the distance from the mirror image in 
the interface. Hence Eq. (84) takes into 
account both the ionic atmosphere and 
image forces. 

If r < d and x > 0, the equation for the 
fluctuation potential should be written as 

? d 2 df 

V 2 </>i = — -4, r < d, x > 0 (87) 

cU' 7 

The term p (x ) can be presented as a power 
series expansion in the bulk density 


4 7i d ^ — > ,, 

Ki M = 1 + B{X) + — J2 n j (88) 


where 


B(x) = n'^2n° j 


px+d 

/ [(*' - x) 2 - d 2 } 

Jd/2 

xgoj(x')dx', 

d 3 d 

- < x < — 

2 ~ ~ 2 
(>x+d 


px-\-a 

/ l(x' - X) 2 - d 2 } 

J x—d 

xgpj(x')dx', x > ^ 
(89) 

Now, we can combine these equations and 
obtain the modified Poisson-Boltzmann 
equation for the diffuse layer: 

d 2 \fr 1 0 I ne o 

d^=-^E^°«i^)exP — 


L #) 


Zjep 

Sir sped 


(F - Fp) 


d 

x > — 

2 


(90) 


The local Debye- Huckel parameter at a 
given point is 


epekT 




(86) 


Since the distance of the maximal ap- 
proach of ions to the interface cannot be 
less then d /2, the usual linear dependence 
of potential in the compact layer can be 
introduced: 
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i jr(x) = 0) + x 


di/CO) 

dx 


(91) 


Additional functions in Eq. (173) are 
4 tt d} 


£i(x) — 1 + 




rx+d 

I>° / {< 

• J max | - 


d 

. —,x—d 

V 2 


x \(x' — x) 2 — a 2 ]go\ (x ) dx' (92) 
F 

Li(3/r)= —[ft(x + d) + tf/(x - d)\ 


F - 1 
2d 


rx+d 

/ fr{x') dx' (93) 
J x—d 


F = 


2(1 + kx ) exp(— Kd) 
+2(1 — Kd) exp(— kx) 


+2 k 2 dx 


U 

J r _1 exp(— Kr) dr 


f 

+ — [exp(— /cd) 

KX 

+2 K(d — x) exp (—kx) 
— exp(— k(2x + d))] 


2[exp(— Kd)(l + k(x + cl)) 

+ exp(-Kx)] 

/ 

[2/cx exp(— Kx) + (1+Kd) 

KX 

x(exp(— 2kx) — 1) exp(— Kd)\ 
d 


-<x<d (94) 


(1 + fh) 


(1 + Kd){\ - fh) 

1 


Kqd 


, if x < d (95) 
(96) 


Fq = lim F = - 

X— MX) 1 

1 

82 = exp[/c(d — 2x)l sinh kcI (97) 

2k x 

(xd cosh/cd — sinh/ird)i52 

(1 + kcI) sinh/rd (9§) 


lim 


eo ekT 




The boundary conditions for these equa- 
tions are 


1. \[r(x), 4r’(x) -+ 0, if x — >■ 00 

2. xf'(0+) = -8/e 0 s (100) 

3. i/f(x), tj/'(x) are continuous atx >0 


This set of equations completes the 
mathematical formulation of the problem, 
but the equations are very cumbersome 
and can only be solved numerically. The 
major difficulty is related to the finite ion 
size. If we consider the limiting case of 
point charges, the equation for potential in 
the double layer would be: 


d 2 i/f 

dx 2 


1 

£ 0 e 




x exp 


ZifO 

kT 


fix) + 


ZjgQ 
&7I £q£ 


I / 

x \ ko — k H exp(— 2 kx) 

[ 2x 

(101) 

In comparison with the Gouy- Chapman 
theory, the MPB equation for point 
charges contains two improvements in 
that the Debye -Huckel parameter k de- 
pends on distance, and the ion image is 
screened. 

In solving the MPB equations, differ- 
ent estimates of t)i(x) were considered. 
Depending on the type of £i(x), the equa- 
tions were called MPB1, MPB2, MPB3 and 
so on. 

The MPB theory overcomes certain lim- 
itations of the Gouy- Chapman model by 
taking into account ionic volume, the ionic 
atmosphere, and image forces. Results 
of both theories coincide at low elec- 
trolyte concentrations and small surface 
charges, but beyond this limiting case, 
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there is a very significant qualitative and 
quantitative discrepancy. For instance, the 
MPB theory predicts a thinner diffuse 
ion layer and higher capacitance than the 
Gouy-Chapman model. Near a charged 
interface, MPB predicts considerable ad- 
sorption of co-ions. The major difference 
is that the decaying potential distribution 
of the Gouy-Chapman model transforms 
into the decaying-oscillating solution of the 
MPB theory, with oscillations beginning 
at high electrolyte concentrations when 
Kod > 1.24. This oscillation was also pre- 
dicted by Stilinger and Kirkwood [27] who 
estimated a different value Kod > 1.03. 
Other modern theories predict oscillatory 
behavior of the electrostatic potential, but 
under different conditions. In the HCA 
theory, the condition is Kod > 1.23, which 
is very close to MPB theory. The Bo- 
golyubov- Born- Green- Ivon theory puts 
the condition at Kod > 1.72. Therefore, os- 
cillatory behavior is a consistent finding of 
all theories. It is worthwhile to mention 
that damped oscillation in the MPB theory 
is due to a fluctuating potential and its 
existence does not depend on the excluded 
volume. 

One of the major drawbacks of MPB 
theory is that it does not take into ac- 
count the discreteness of a solvent. In the 
diffuse layer, the discreteness of solvent 
molecules strongly influences ion -ion 
interactions at small distances. Further- 
more, an understanding of the structure 
and properties of the compact layer is 
impossible without an adequate model 
of solvent molecules and their interac- 
tions with the electrode and between 
themselves. 

Application of MPB model to ITIES 
was made first by Torrie and Val- 
leau [28]. Cui and coworkers [29] applied 
the modified Poisson-Boltzmann the- 
ory (MPB4) to the ITIES and found 


that MPB4 describes the experimental 
results at the nitrobenzene/water and 
dichloroethane/water phase boundaries. It 
reproduces the Monte Carlo (MC) cal- 
culation more accurately than the MVN 
theory for 1:1 electrolytes over a wide 
range of conditions including variations 
in the image forces, ion size, the inner- 
layer potential distribution, electrolyte con- 
centration, surface charge density and 
solvent effects. They used the equa- 
tion for electrostatic potential from the 
MPB4 model for the inner layer at ITIES 
when x < a /2: 

0 aq 

i (r(x) = xfr(0) + x\jr'(0) — A'Ac|^ aq | 1,/2 

eh 

( 102 ) 

where x/r (x) is the electrostatic potential at 
coordinate .r, \fr( 0) is the electrostatic po- 
tential at the surface, xfr\ 0) is the derivative 
of i/f(0), c is the electrolyte concentra- 
tion, qaq is the surface charge density 
of the aqueous phase, X is the parame- 
ter determined by fitting the experimental 
values of the Galvani potential differences 
and is the dielectric permittivity of 
the compact layer. The third term in 
Eq. (102) represents the dependence on 
electrolyte concentration, surface charge 
density, and the solvent effect on the inner- 
layer potential distribution. These effects 
can be ascribed to ionic penetration into 
the opposite phase and ion-ion correla- 
tions across the interface. Cui et al. [29] 
obtained good agreement between theo- 
retical calculations and experimental data 
and came to the conclusion that the 
structure of the 1,2-dichloroethane-water 
interface is similar to that of the wa- 
ter/nitrobenzene interface, except that the 
effects of the image force and ion size 
are more pronounced and the inner-layer 
potential drop plays a more important 
role. 



2.3 Electrochemical Doable Layers: Liquid-Liquid Interfaces 


References 

1. A. G. Volkov, D. W. Deamer, D. I. Tanelian 
et al., Liquid Interfaces in Chemistry and 
Biology, John Wiley & Sons, New York, 1998. 

2. A. G. Volkov, D. W. Deamer, D. I. Tanelian 
et al., Prog. Surf. Sci. 1996, 53, 1-136. 

3. O. S. Ksenzhek, A. G. Volkov, Plant Energet- 
ics, Academic Press, San Diego, 1998. 

4. A. G. Volkov, D. W. Deamer, (Eds.), Liq- 
uid-Liquid Interfaces: Theory and Methods, 
CRC Press, Boca Raton, London, Tokyo, 
1996, p. 421. 

5. A. G. Volkov, (Ed.), Liquid Interfaces in Chem- 
ical, Biological, and Pharmaceutical Applica- 
tions, Marcel Dekker, New York, 2001. 

6. M. Planck, Ann. Phys. 1891, 44, 385-428. 

7. F. O. Koenig, J. Phys. Chem. 1934, 38, 
111-128. 

8. D. C. Grahame, R. W. Whitney,/. Am. Chem. 
Soc. 1942, 64, 1548-1552. 

9. E. J. W. Verwey, K. F. Nielsen, Philos. Mag. 
1939, 28, 435-446. 

10. C. Gavach, P. Seta, B. d’Epenoux, J. Elec- 
troanal. Chem. 1977, 83, 225-235. 

11. V. S. Markin, A. G. Volkov, Prog. Surf. Sci. 
1989, 30, 233-356. 

12. V. S. Markin, A. G. Volkov, Electrochim. Acta 
1989, 34, 93-107. 

13. R. S. Hansen, J. Phys. Chem. 1962, 66, 
410-415. 

14. A. G. Volkov, Langmuir 1996, 12, 3315-3319. 

15. T. Kakiuchi, M. Kobayashi, M. Senda, Bull. 
Chem. Soc. Jpn. 1988, 61, 1545-1550. 


16. T. Kakiuchi, T. Usui, M. Senda, Bull. Chem. 
Soc. Jpn. 1990, 63, 2044-2050. 

17. T. Kakiuchi, M. Senda, Bull. Chem. Soc. Jpn. 
1983, 56, 1322-1326. 

18. T. Osakai, T. Kakutani, M. Senda, Bull. 
Chem. Soc. Jpn. 1984, 57, 370-376. 

19. Z. Samec, V. Marecek, D. Homolka, J. Elec- 
troanal. Chem. 1985, 187, 31-51. 

20. A. N. Frumkin, Zero Charge Potentials, Nauka 
Publ., Moscow, 1979. 

21. T. Kakiuchi, M. Kobayashi, M. Senda, Bull. 
Chem. Soc. Jpn. 1987, 60, 3109-3115. 

22. C. Yufei, V. J. Cunnane, D. J. Schiffrin et al., 
J. Chem. Soc., Faraday Trans. 1991, 87, 
107-114. 

23. V. S. Markin, A. G. Volkov in Liquid-Liquid 
Interfaces. Theory and Methods (Eds.: A. G. 
Volkov, D. W. Deamer), CRC Press, Boca 
Raton, London, Tokyo, 1996, pp. 63-75. 

24. L. D. Landau, E. M. Lifshitz, Electrodynamics 
of Continuous Media, 2nd ed., Pergamon 
Press, New York, 1984. 

25. Yu. Kharkats, J. Ulstrup , J . Electroanal. Chem. 
1991, 308, 17-26. 

26. C. W. Outhwaite, L. B. Bhuiyan, S. Levine, 
J. Chem. Soc., Faraday Trans. 2 1980, 76, 
1388-1408. 

27. F. H. Stilinger, J. G. Kirkwood, J. Chem. 
Phys. 1960, 33, 1282-1290. 

28. G. M. Torrie, J. P. Valleau, J. Electroanal. 
Chem. 1986, 206, 69-79. 

29. Q. Cui, G. Y. Zhu, E. K. Wang,/. Electroanal. 
Chem. 1995, 383, 7-12. 



188 2 Electrochemical Double Layers 


2.4 

Electrical Double Layers. Double Layers at 
Single-crystal and Polycrystalline Electrodes 

Enn Lust 

University of Tartu, Tartu, Estonia 

2.4.1 

General Aspects 

Remarkable progress has been made in 
the last few years in electrochemistry on 
single-crystal surfaces [1-10]. This par- 
allels with the progress on the surface 
science and it has been partly simulated 
by developments in that field especially 
regarding the preparation and characteri- 
zation of surfaces. The most widely used 
techniques for the determination of the 
structure of single-crystal surfaces are the 
low-energy electron diffraction (LEED), 
scanning tunneling microscopy (STM), 
atomic force microscopy (AFM), X-ray scat- 
tering (SXRS), and other methods [4-6, 
8-10]. Auger electron spectroscopy (AES) 
is used to characterize the chemical com- 
position or cleanliness of surfaces. To the 
first approximation, the low Miller in- 
dexes reflect the symmetry of the bulk 
structure and they have lower surface en- 
ergy than vicinal surfaces (the high index 
planes). However, LEED, AFM, STM and 
SXRS studies have revealed two important 
features of atomic surface structure: relax- 
ation and reconstruction [4-6, 8-11] (see 
also Chaps. 14-21 in Vol. 3). 

2.4.1 .1 The Potential of Zero Charge and 
Electric Double-layer Structure 

The electric double layer (edl) is fun- 
damental for electrochemistry because 
the rate and mechanism of the vari- 
ous electrochemical reactions (hydrogen 
evolution, corrosion and corrosion inhibi- 
tion by surfactants, metal deposition and 
dissolution, and so forth) depend on the 


metal-electrolyte phase boundary struc- 
ture (see also Vol. 2). A large number of 
techniques have been used for the exper- 
imental study of the edl structure and for 
the determination of the potential of zero 
charge (pzc) E a= o, which is a fundamental 
parameter in electrochemistry [1], How- 
ever, the greatest success at solid polycrys- 
talline (PC) and single-crystal electrodes 
has been achieved mainly by impedance, 
optical, scrape, and surface tension meth- 
ods, and therefore in this review more 
attention has been paid to the data obtained 
using these methods [1-5, 12, 13]. 

The charged particles may or may 
not cross the interface between two 
phases and in this respect, interphases 
may be divided into the two limiting 
types: nonpolarizable and polarizable, 
respectively [12]. The analysis by Frumkin 
et al. [14] in 1970 led to the conclusion that 
it is possible to treat thermodynamically 
not only the polarizable but also the 
nonpolarizable electrode cases, and to 
define the charge density Q = a + Ah+ , 
where a is the surface charge density and 
Ah+ is the fraction of charge that has 
crossed the interface moving from one 
phase to the other. Thus, it has been 
proposed to call the potential at which 
2 = 0 the potential of zero total charge 
(PZTC) and the potential at which Q = 
a = 0 the potential of zero free charge 
(PZFC) (see also Chap. 1 in Vol. 1). A 
PZTC has been observed and measured 
for Pt-group metals, and this is due to the 
chemisorption of hydrogen atoms. In all 
other cases the PZFC is usually observed 
and for simplicity will be termed as a pzc, 
denoted by E a= o. 

2.4.1 .2 Differential Capacitance of 
Electrode- Electrolyte Solution Interface 

For (ideally) polarizable metals (i.e. elec- 
trodes having a large energy barrier for 
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charge transfer) with a sufficiently broad 
double-layer region (such as Hg, Ag, Au, 
Bi, Sn, Pb, Cd, Tl, and others [1]), E a= o can 
be obtained from measurements of the edl 
capacitance in dilute solutions, where it is 
detected by a pronounced minimum in the 
capacitance-potential (C, E) curve. The re- 
lated differential capacitance C, defined as 


C = 




( 1 ) 


can be measured by a great variety of 
techniques [1, 5, 9] (see also Chaps. 1-9 in 
Vol. 3). In Eq. (1), y is the interfacial (for 
liquid electrodes) or superficial (specific 
surface) work (for solid electrodes). 

It is usually assumed that the edl at 
the ideally polarizable metal -electrolyte 
interfaces is splitted into two parts: the 
inner layer and the diffuse layer, and 
can be represented by two capacitances 
in series [1, 5, 7, 9]: 


C” 1 = Cr 1 + C” 1 (2) 


Here, Ci is the inner-layer capacitance, 
independent of the surface-inactive elec- 
trolyte concentration and Ca is the diffuse 
(Gouy) layer capacitance, expressed ac- 
cording to the Gouy- Chapman theory for 
a z,z-type electrolyte by 


Q = 


der 

d</>d 


1 z\F 
2R T 


sj 4A 2 c + 


(3) 


where d>d = 2RT(|z|,F) _1 arcsh(0.5erA -1 
c~ 1/2 ) is the potential drop in the dif- 
fuse layer and A= ^/Ieqe^RT) e o is 
the permittivity of vacuum and ea is 
the dielectric constant of the diffuse 
layer, usually taken equal to the macro- 
scopic dielectric permittivity of the sol- 
vent. Thus, at E a= o, the value of Ca 
decreases linearly with «Jc. According 
to the Gouy-Chapman-Stern-Grahame 


(GCSG) model [1], in a surface-inactive 
electrolyte solution, the potential of the 
minimum in C, E curve for c e i < 10 -2 M 
would correspond to the condition a = 0, 
that is, to E a= o value. Exact values of E a= o 
in the absence of adsorption can be ob- 
tained by linear extrapolation of E m i n as a 
function of the electrolyte concentration at 
c d < 1 x 10“ 2 M [5, 15, 16], 

Models put forward in the 1960s to 
1970s by several authors for describing 
the metal-solution interface did not take 
into account the metal contribution and 
consider the solid as a perfect conductor, 
so that the potential drop in the metal 
layer is charge-independent and the poten- 
tial drop at the metal -solution interface 
is just given by the solvent molecules and 
free ionic charges. Although early theories 
considered the penetration of the electric 
field into the metal, this idea was sub- 
sequently dropped for a long time [1, 9, 
17-19]. Penetration of the electric field 
into the solid has been found to be impor- 
tant for semiconductors, and its possible 
relevance to semimetals such as Bi and 
Sb was suggested [1, 5, 9, 20, 21]. In 
the past 20 years different models have 
been proposed, describing the traditional 
so-called inner-layer capacity as 1/C; = 
1 /Cm + 1/Qiip + 1 /Ch, where Cm, C^p, 
and Ch are the capacitances of the metal 
phase, the dipole (solvent) layer, and the 
Helmholtz layer, respectively. However, it 
is impossible experimentally to separate 
the overall capacity of inner layer into its 
components [1-5] (see also Chap. 2.3 in 
Vol. 1). 

2. 4. 1.3 Electrical Double-layer Structure at 
Solid Electrodes 

During several decades, the quantitative 
analysis of the edl structure, adsorption of 
ions and molecules on the ideally polar- 
izable solid electrodes was carried out on 
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the basis of relationships, developed for 
the liquid Hg surface without any con- 
sideration of the structure of the solid 
surface. But the theoretical analysis of the 
electrochemical characteristics for the PC 
solid electrodes, even for simple metals, is 
considerably complicated in comparison 
with that for Hg. One of the reasons is 
both the differences between properties of 
individual faces of the metal and the in- 
fluence of various defects of the surface 
structure [1-10]. In the beginning of the 
1970s, by a careful experimental study of 
the adsorption of pyridine on the solid 
bismuth drop electrode of known PC sur- 
face structure and of tetraalkylammonium 
ions on PC Zn, the phenomenon of split- 
ting the adsorption-desorption maximum 
was discovered [1, 20, 21] (Fig. 1). Already 
the first investigations showed that split- 
ting the maxima was due to the PC nature 
of the surface, and also to the nature of 
the adsorbing particle and the solvent, to 
the surface charge density er, and to the so- 
lution concentration. On account of that, 


the edl and adsorption parameters (e.g. 
£< 7 = 0 , interaction parameter in the adsorp- 
tion (Frumkin’s) isotherm, maximal Gibbs 
adsorption F max , adsorption equilibrium 
constants, and so forth), obtained for the 
PC electrodes, often may be apparent [1-5, 
7, 15, 16, 20-22], 

It may be noted that for a PC sur- 
face, there are complications in defining 
the PZC because one does not have 
zero-charge density of all crystal faces si- 
multaneously, exposed on PC electrode. 
The work function is different for vari- 
ous homogeneous regions (planes), but if 
the grains are in contact, the electrochem- 
ical potential of the electron has a single 
value. Thus, the Volta or outer potential 
is different for various faces, so differ- 
ent surface charge densities are present. 
Similarly, the surface structure of solid 
metal makes the electronic structure more 
complicated than that for a liquid metal or 
for a single-crystal plane. Certainly, the use 
of the density properties depending only 
on distance perpendicular to the interface 



Fig. 1 Differential capacitance versus electrode potential dependence: (a) for PC Zn in 
0.1 M Kl containing TBAI (M): (1) 0, (2) 3 x 10~ 4 , (3) 3 x 10~ 3 , (4) 3 x 10~ 2 ; (b) for PC Bi 
in 0.1 M KF containing pyridine (M): (1) 0, (2) 0.1, (3) 0.2 (updated from Refs. [1, 20, 21]). 
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is an oversimplification [1, 4, 5, 7-10, 15, 
16, 20-22], 

2.4.1 .4 Surface Roughness of Solid 
Electrodes 

Surface roughness is an important prop- 
erty in electrochemistry of solid electrodes 
as the most of edl and adsorption char- 
acteristics, as well as kinetic parameters, 
are extensive quantities and are referred to 
the apparent unit (flat cross-section) area 
of electrode surface [1-5]. The examina- 
tion of the working area of solid electrodes 
is a difficult matter owing to the irregu- 
larities at a submicroscopic level. For the 
determination of the real surface area of 
the solid electrodes, different in situ and 
ex situ methods have been proposed and 
used, which are discussed in Refs. [5, 23], 
The in situ methods more commonly used 
in electrochemistry to obtain the surface 
roughness 

R = (4) 

^geom 

(where and 5 ge om are the real 

(working) surface and geometrical area, 
respectively) are (1) differential capaci- 
tance measurements in the region of 
ideal polarizability, Parsons-Zobel (PZ) 
plot method [24], Valette-Hamelin ap- 
proach [25, 26], and other similar meth- 
ods [1, 5, 7]; (2) mass transport under diffu- 
sion control with assumption of homoge- 
neous current distribution; (3) adsorption 
of ratioactive organic compounds hy- 
drogen, oxygen, or metal monolayers; 
(4) microscopy (optical, electron, STM, and 
AFM); and (5) quartz microbalance, as well 
as a number of ex situ methods [23]. It 
is to be noted that depending on the 
irregularity-to-probe size ratio, either the 
entire surface or only a fraction of it is 
accessible to a particular measurement. 
Only when the size of the molecule or ion, 


used as a probe particle, is smaller than 
the smallest surface irregularity, the entire 
surface can be evaluated. But each method 
is applicable to a limited number of elec- 
trochemical systems so that a universal 
method of surface area measurements is 
not available for the time being. Thus, it is 
useful to stress again that the value of R 
depends on the method used [1-5, 15, 16, 
22, 23], 

2. 4. 1.5 The Applicability of the 
Gouy-Chapman-Stern-Grahame Model 
to Solid Electrodes 

2. 4. 1.5.1 Shape of C, E Curves Depen- 
dence of the C, E curves for a solid metal 
on a method of electrode surface prepara- 
tion was reported long ago [1-5, 7, 20-22, 
25, 26]. In addition to the influence of im- 
purities and faradaic processes, variation 
in the surface roughness was pointed out 
as a possible reason for the effect. For 
the determination of R, it was first pro- 
posed to compare the values of C of the 
solid metal (M) with that of Hg, that is, 
R = C M /C Hg . The data at E a -o for the 
most dilute solution were typically used 
for such a comparison to eliminate the 
influence of possible differences in the 
inner-layer capacities. However, C; of dif- 
ferent solid metals and Hg has shown 
such a large variation that this approach 
can hardly be considered as appropriate. It 
is to be noted that the error in C, which 
for solid electrodes is much higher than 
for liquid electrodes, increases with the 
decrease of c e i; further, as shown later 
(Sect. 2.4. 1.5.2), the effects of the surface 
crystallographic inhomogeneity on C val- 
ues also prove especially appreciable in the 
dilute electrolytes [1-5, 7, 15, 16, 22], 
Frumkin was the first to give a qualitative 
consideration of the electrochemical prop- 
erties of PC electrodes. He noted that the 
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charge crj at individual faces j may be dif- 
ferent at E = const and this may change 
the form of the capacitance curve near 
the diffuse-layer capacitance minimum [1], 
Important results were obtained in a pio- 
neering paper by Valette and Hamelin [25, 
26]. They compared experimental capaci- 
tance curves for a PC Ag electrode and Ag 
faces. It was found that the capacitance of 
a PC Ag electrode can be obtained by the 
superposition of the corresponding Cj, E 
curves for individual faces exposed at the 
PC surface: 


Cpc(E) = J2 e .i C J (E ) 


(5) 


where Oj is the fraction of the face on 
the PC electrode surface. A weighed sum 
of C, E curves for the faces was found 
to be similar to the C, E curve for a PC 
electrode, and thus all main Ag faces are 
exposed on the surface. The diffuse-layer 
capacitance minimum potential E^ n for 
a PC Ag electrode was only slightly less 
negative (30 mV) than the PZC of the 
Ag(110) face (i.e. for the face with the 
more negative value of E a= o). The diffuse- 
layer capacitance minimum for PC Ag was 
wider and less deeper than for the Ag 
faces. 

Thereafter, the influence of the crys- 
tallographic inhomogeneity of PC and 
monocrystalline electrodes (with various 
surface defects) has been discussed for 
various metals in many papers [1-5, 7, 
15, 16, 22] (Fig. 2). Bagotskaya et al. [27] 
showed that integration of the partial C, 
E curves from E a= o of each face to 
the minimum potential of the Cpc, E 
curve, £^ n , on the PC electrode, taking 
into account the fraction of plane, gives 


pc 


-0.04 C m -2 at At E ^ n , the 
Ag(110) plane has a positive a and other 
planes have a negative a , thus, at the PC 
Ag surface there are no surface regions 


with a = 0. The same conclusions hold 
for PC Au (arj£ = -0-03 C m 2 ), PC Bi 
(crgl 2 = —0.01 C m -2 ), and for other PC 
electrodes [5]. 

Mathematical simulation of Cpc, E 
curves shows that the shape of the diffuse- 
layer capacitance minimum depends on 
the difference of E a= o for individual faces, 
exposed on the PC electrode surface, and 
their fractions, as well as on the shape of 
partial Cj, E curves (Fig. 3). The results of 
experimental capacitance studies at two- 
plane model PC Bi electrodes were in 
agreement with these conclusions [5, 15, 
16]. Thus it has been shown that the 
potential of the diffuse-layer capacitance 
minimum for a PC electrode with notice- 
able difference in E a= o values for various 
planes does not correspond to the PZC 
of the whole surface and ®i a j # 0 at 

brriiri ■ 

2. 4. 1.5. 2 Parsons and Zobel Plot Method 

Substantial contributions to the interpre- 
tation of the experimental data for solid 
electrodes have been made by Leilcis 
et al. [28] and by Valette and Hamelin [25, 
26]. Both approaches are based on the 
same model: the value of E a= o and of the 
inner-layer capacitance per unit “true” sur- 
face area, C i, are assumed to be constant 
over the whole PC surface and the value 
of was identified by E 0= o. Thus, the 
GCSG model is considered as applicable 
to the capacitance characteristics related 
to the unit of “true” surface area, which 
differ by a factor from those per unit 
“apparent” surface area 

C rca | ( E ) = R C georn ( E ) and 

er r eal(£) = fi -1 Ogeom(£') (6) 

[Ci(cr rea i)] = [C rea i(cr rea i)] 

— [C'd(° r real)l 


(7) 
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- 1.6 - 1.1 - 0.6 


E vs SCE 
[V] 

Fig. 2 C, Ecurves (v = 210 Hz) for (Bi D E) R (1,4, 8), Bi(lll) EP (2, 6, 10), 
C Bipc) MP CE (3, 7), and Bi (1 1 1) CE (5, 9) in aqueous solution of NaF, M: (1 , 
2) -0.1; (3-6) -0.01; (7-10) -0.002. 


where Cd(er) is the diffuse-layer capac- 
itance obtained according to the Gouy 
theory [1-5, 7]. Extrapolation of C~^ om 
versus C^ 1 to C^ m = 0 provides the 
inner-layer capacitance as R -1 C i " g 1 eom . The 
inverse slope of the PZ plot at is 

identified by R. In the absence of ion- 
specific adsorption and for ideally smooth 
surfaces, these plots should be linear 
with the unit slope. However, data for 
Hg and single-crystal face electrodes have 


shown that the test is somewhat more 
complicated [1-5, 7, 29]. The PZ plots 
for Hg-surface-inactive electrolyte solu- 
tion interfaces at cr = 0 and a < 0, albeit 
usually linear, exhibit reciprocal slopes that 
are somewhat greater than unity. The main 
reason for this is the experimental error in 
measuring C, as well as the hyperbolic 
form of C in the GCSG model [15, 16, 
22, 29]. 

The error in Ci is the total differential of 
Eq. (2): 
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dv = dCi = -i • ^ dc (8) 

where dC, for a given value of a, 
includes the experimental error in the 
determination of C and the error in the 
integration of the C, E curves. When 
x(x = C -1 — C^ 1 ) is small, dC; is large 
and tends to infinity; when x is large, dC; 
is small and tends to dC. For a given 
positive x, the smaller the C&, the more 
an error in C affects C\. The same error 
for Bi, Cd, and Ag at fixed c e i causes the 
error in C; to increase in the same order of 
metals since the value of C; increases. The 
same experimental error entails a larger 
uncertainty in C; for the lowest c e i and 
a . At | <t | » 0, the uncertainty in C does 
not bear on C; since x is large [5, 15, 16, 
22, 29]. 

In the case of liquid Hg, the un- 
certainty in the measurements may be 
induced by possible errors connected 


with (1) experimental measurement of C, 

(2) preparation of solutions of an exact c e i, 

(3) incomplete dissociation of electrolytes, 

(4) slight specific adsorption of anions, and 

(5) deviations of diffuse layer from GC 
theory. In the case of solid electrodes, in 
addition to the above-mentioned reasons, 
sources of inaccuracy are the possible er- 
ratic preparation of the electrodes with 
the same geometrical surface area and the 
same crystallographic orientation [1-5, 15, 
16, 22, 29]. Studies with wedge-shaped, 
two-faced Bi electrodes show that with 
increasing AE a= o of different faces ex- 
posed at a model PC electrode surface, the 
deviation of the PZ plot from linearity 
increases and the value of R also in- 
creases [15, 16] (Fig. 4). This was explained 
by the fact that R is a complex quantity, 
being R = /r/cr, where /cr is a factor of 
crystallographic inhomogeneity of the PC 
electrode surface [15, 16, 22, 25-30] and 



Fig. 4 (Cj) 1 versus (Q) 1 dependence for wedge-shaped two-plane electrode: (1 ) 0.5(01 1 ) + 
0.5(101); (2) 0.8(01 !) + 0.2(111); (3) 0.3(01 T) + 0.7(1 11); and (4) 0.5(01 T) + 0.5(1 1 1) with 
A£ ct= o = 15 mV (1) and AE a= o = 70 mV (2-4) (Cj, inner-layer capacitance; Q, diffuse-layer 
capacitance) (updated from Refs. [15, 16]). 
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f r was assumed to be the actual surface 
roughness factor independent of c e i and a. 
The more dilute the solution and the larger 
the difference between o of individ- 
ual planes (i.e. the homogeneous regions) 
exposed at a PC surface the higher the 
values of /cr have been established. Thus, 
/cr decreases as \a\ increases. A compar- 
ison of the data for F _ , BF4 - , and CIO4 - 
solutions shows that R increases in the or- 
der F“ < BF 4 “ < CIO4 with increasing 
weak specific adsorption [5, 15, 16, 22]. 

Thus, the experimental value of R de- 
pends on the surface charge density and 
sometimes on the electrolyte concentra- 
tion c e i- The real R cannot depend on 
a and on c e i. Experimental PZ plots for 
single-crystal faces in the region of E a — 0 
(— 3 < ct < 3 pC cm -2 ) often show slopes 
increasing with |er|, that is, the apparent 
R decreases as |cr| rises [1-5, 7, 15, 16, 
22]. These findings indicate that the ex- 
perimental R (the inverse slope value of 
the PZ plot) is not a real measure of the 
actual R. However, the practically unit 
slope of the C -1 , C^-plots for Hg, Bi, 
Cd, Sb, Ag, and for other systems with 
correlation coefficients better than 0.996 
provides convincing evidence both for the 
validity of the GC theory and for the lack 
of experimentally detectable deviations of 
the roughness factor from unity. Slopes of 
C -1 , C J 1 plots much lower than unity very 
near E a= 0 (—0.5 < a < 1 gC cm -2 ) can 
be interpreted as deviations from the sim- 
ple GC theory caused by the geometrical 
roughness and energetical inhomogeneity 
of the solid electrode surface [2-5, 15, 16, 
22, 25-29]. 

2. 4. 1.5. 3 Surface Roughness and Shape of 
Inner-layer Capacitance Curves In 1973, 
Valette and Hamelin [25, 26] proposed an- 
other method to determine the roughness 


factor R of solid PC surfaces and to test 
the GCSG theory on the basis of Eqs. (6) 
and (7). For each c e i, a set of C;, a curves 
was calculated for various R values and 
the optimum value of R was selected on 
the basis of the assumption that near 
Emin the Q, a curve must be smooth. 
The experimental values of R were found 
to increase as c e i decreased from 1.40 to 
1.80. This was explained by the fact that R 
is a complex quantity, being R = /r/cr- 
Later, the influence of the crystallographic 
inhomogeneity of PC and monocrystalline 
electrodes (with various surface defects) 
was discussed in many papers [1-5, 7, 15, 
16, 22, 25-29] (Fig. 5). 


2. 4. 1.5. 4 Polycrystalline Electrode Models 

The edl models for PC electrodes may 
be classified in two groups [5, 7, 10, 
27, 30]. The first group considers the 
PC electrode surface as one consist- 
ing only of relatively large homogeneous 
(monocrystalline) regions with linear pa- 
rameter y* ;^> 10 nm, which corresponds 
to macropolycrystallinity. Within these 
surface regions, both the compact and the 
diffuse layers at different homogeneous 
areas can be viewed as independent ones, 
and accordingly 


r app 

'-'PC 


r E 


Xj Cj ./ Qi 1 
Cij + Cd/ 


(9) 


where Cij and Cj,- are the inner- and 
diffuse-layer capacities for the plane j, 
respectively. Therefore, this is the so-called 
model of independent diffuse layers (IDL) 
(Fig. 6). 

In terms of the second group of mod- 
els, the PC surface consists only of very 
small crystallites with linear parameter 
y*, whose sizes are comparable with the 
edl parameters in moderate electrolyte 
concentrations. For such electrodes, the 
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Fig. 5 The inner-layer capacitance versus electrode charge dependence for 
the PC Cd electrode at different values of roughness factor: (1) 1; (2) 1.08; 
(4) 1.15; (3) extrapolation by an approximate equation determined between 
— 1.0 and — 10 jjC cm -2 . 


compact layers at different monocrys- 
talline areas are considered to be inde- 
pendent, but the diffuse layer is common 
for the entire surface of a PC electrode 
and depends on the total medium charge 
density erpc = RYljXjOj, averaged over 
the PC electrode surface, and capacitance 


Cp PP can be obtained by the equation 
Cp pp = C d (a)R J2 XjCij 

x fc d (b) + tf (10) 
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Fig. 6 Theoretical model ofthe 
electrical double layer at an ideally 
polarizable electrode with a PC surface 
structure, (a) Model of independent 
diffuse layers (Eq. 9); (b) model of 
common diffuse layer (Eq. 10). 


This model is known as the model of 
the common diffuse layer (CDL) [27]. 
As shown in Ref. [30], both models can 
describe only some limiting cases and the 
exposition for the total capacity of the PC 
electrode (equivalent circuit) investigated 
depends on the relationship between 
the three lengths: (1) the characteristic 
size of the individual planes at a PC 
electrode surface y*; (2) the effective 
screening length in the bulk of the 
diffuse layer near the face j l d j = l d (oj) = 

Zd/Vl + (oq/er*) 2 , where l d is the Debye 
screening length and a* = eRT /2tz Fl d ', 
(3) el\j , where e is the bulk dielectric 
constant of the solvent and the length Z; ; - = 
( 1 /4) 7r Ci j is determined by the capacity of 
the compact layer of the face j . According 
to the theoretical analysis, the CDL model 
is valid for PC electrodes with very small 
grains (y* < 5 +- 10 nm) first of all with 
a moderate difference in E a= o for the 
faces (AE a= o = 0.1 +- 0.15 V) and for very 
dilute electrolyte solutions (c < 0.01 M) 
near the point of total zero charge. Thus, 
if the value of y* is much less than two of 
the three lengths: y* <§; elu ~ el\ 2 , ldi> (d 2 > 
the CDL model is valid. For other cases, 
the model of IDL would be valid [30]. 

The real PC electrode usually consists 
of the comparatively large homogeneous 


surface regions (y* > 10 nm), and be- 
tween the large homogeneous areas there 
are aggregates, which consist of many very 
small crystallites, whose sizes are probably 
smaller than the effective Debye screening 
lengths. Therefore, the structure of edl on 
a real PC electrode can be expressed by the 
relations 


r app 

'-'PC 


R x i c ij c dj 

/=! Ci J + Ci J 


+ Xm+\ 


C d (d)R J2 x jCd 
j—n + 1 
m 

C d j(a) + R Xj Cj j 

j—n + 1 


(ID 


n m 

x m+1 +j2 x j = i. X] x j = i, 

7=1 7 = 0+1 

m > n 


The results of computer simulation of 
many experimental Cp^F, E curves for 
various bismuth solid drop electrodes 
show that 10 to 30% of the whole surface 
of bismuth solid drop electrode is covered 
with small crystallites (y* < 10 nm), and 
the standard deviation A (AC) of Cp^F, E 
curves from CpFF, E curves is smaller if 
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Eq. (11) is used instead of Eqs. (9) or (10). 
The data for the wedge-shaped two-plane 
electrode show that the share of small 
crystallites at the surface of this electrode 
is not more than 5 to 10% [15, 16, 22]. 

2. 4. 1.5. 5 Debye Length -dependent Sur- 
face Roughness Model Daikhin et al. [31] 
have shown that the competition between 
the Debye length and the characteristic 
sizes of roughness would modify the GC 
result for the diffuse-layer capacitance. The 
limiting value of the capacitance at short 
Debye length should follow the Gouy re- 
sult, but with surface area value replaced 
by Sj-eai = RSgeom- Thus, the diffuse layer 
simply follows every bump or dip of the 
electrode, the surface of which looks flat 
at the Debye scale. In the limit of long Id 
(dilute solutions), the roughness cannot be 
manifested in the capacitance that would 
obey the native Gouy expression and the 
analogy with macroscopic capacitance can 
be used. The crossover between these two 
limits can be simulated as 

C = R(k)Cgc (12) 

where the roughness function, R(k), varies 
between R( 0) = 1 and R(oo) = R > 1; k 
is the Gouy length (the inverse Debye 
length). It was demonstrated that the PZ 
plot method is not the most convenient 
tool for the characterization of surface 
roughness and the more informative 
would be the plot of R(tc) versus k, where 

rm « (c^ - crV^cc ( l3 ) 

and Ci is evaluated from the measure- 
ments at high electrolyte concentration ac- 
cording to Valette-Hamelin approach [25, 
26]. In the case of weak nonfractal surface 
roughness the two limiting approxima- 
tions are valid: (1) At high electrolyte 
concentrations, when / d is shorter than the 


smallest characteristic length of surface 
inhomogeneity, R(k) can be expressed as 

/I - (H 2 )\ 

RM ~ R {-^ 1 ) (U) 

where ( H 2 ) is the mean square curvature 
of surface [31-33]. Equation (14) shows 
that the roughness function R(k) ap- 
proaches the geometrical roughness factor 
R at small Id- With the increase of /d it 
decreases with respect to R, and the cor- 
rection is proportional to the square of Id- 
(2) In the range of large Debye lengths (low 
concentrations), R(k) can be expressed as 

R(k) « 1 + ^ — K 2 h 2 (15) 

where h is the height of the character- 
istic size of roughness in the j-direction 
(h denotes the root-mean-square depar- 
ture of the surface from flatness); L is 
the length that is in the order of the 
maximal correlation length / max . At very 
low electrolyte concentrations (Id > / max ), 
the roughness of surface is not detectable 
in the capacitance and the first correc- 
tion to the flat surface result is linear 
in k. Intermediate to these two limiting 
cases, the specific form of the roughness 
function depends on the morphology of 
the interface. The various geometrical sur- 
face layer models - sinusoidal corrugation, 
random Gaussian roughness, and periodi- 
cal system of linear defects and rectangular 
grating - have been analyzed [31-33]. 

Experimental results of electrochem- 
ically polished, cut, electrochemically 
etched, and chemically etched Bi, Sb, and 
Cd electrodes (Fig. 7) demonstrate that 
R(k) rises with the increase of surface 
roughness, in agreement with AFM data 
and conclusions of Refs. [32, 33]. 

The nonlinear version of roughness the- 
ory applicable for arbitrary large charges 
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Fig. 7 Roughness function versus inverse Debye length plots of Bi (1 1 1) CE (1); Bi (1 1 1) ECE 
(2); Bi(DE) R (3); and for various theoretical simulation models: sinusoidal corrugation 
(SC) - h = 30, /sc = 50 (4); random Gaussian roughness (RGR) - /rgr = 50, h = 30 (5); 
SC — h = 5.0, /sc = 2.5 (6); RGR - h = 2, / RCR = 1 (7); SC - h = 0.85, / sc = 2.5 (8); and 
RGR — h = 0.9, /rgr = 2.0 (9) (all parameters in nm) (/, characteristic lateral correlation 
length; h, root-mean-square height of surface roughness). 


has been worked out in Ref. [34]. Far 
from E a= o the effects of nonlinear screen- 
ing have been found, which lead to the 
charge dependence of PZ plot, observed 
experimentally in many works [1-5, 7, 
25-33]. Thus, the roughness factor of PC 
surface depends on the effective diffuse- 
layerthickness Keff(-Er) = k cosh(e/i£ r /2), 
where epE r is the dimensionless electrode 
potential, £ r = E x — E a — o is the ratio- 
nal electrode potential, (5 = (k^T) -1 (kg 
is the Boltzmann constant and e is the 
elementary charge); E x is an electrode 
potential. According to theoretical calcu- 
lations, R(k, E) is minimal close to E a — o 
and rises to the limiting value at mod- 
erate and high a. According to Ref. [34], 
for a fixed value of k, the effect of sur- 
face structure on the capacitance increases 
with E r . However, in contrast to the 
case of low £r, R{k, E) could be a non- 
monotonous function of at with a maximal 


value R max > R, and the crossover occurs 
at £ r ss 65 mV (T « 298 K). 

This model has been used for inter- 
pretation of the experimental capacitance 
data of rough Cd electrodes (Fig. 8). In 
the region of moderate £ r , the rough- 
ness function rises with the decrease of 
the effective Debye length Z e g-. At higher 
E r , the surface roughness function lev- 
els off to the constant value, that is, to 
the so-called geometrical surface rough- 
ness value. In the region of E a= o there 
are deviations from the theory caused 
by the energetic inhomogeneity of elec- 
trode surface. It is to be noted that the 
new effective Debye length -dependent 
surface roughness theory needs future cor- 
rections taking into account the role of 
crystallographic inhomogeneity of the ge- 
ometrically rough electrode surface, that 
is, the dependence of the local surface 
charge density on the crystallographic 
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Fig. 8 Experimental roughness function R(k, E) versus E curves for electrochemically etched 
Cd (0001 ) forthe fixed electrolyte (NaF + H 2 O) concentrations: (1) 0.05 M; (2) 0.02 M; 

(3) 0.007 M; (4) 0.002 M; (5) 0.001 M. 


structure of energetically homogeneous 
regions exposed on the surface of the 
macropolycrystalline electrode. 

2. 4. 1.5. 6 Electric Double Layer and Frac- 
tal Structure of Surface Electrochemical 
impedance spectroscopy (EIS) in a suffi- 
ciently broad frequency range is a method 
well suited for the determination of equi- 
librium and kinetic parameters (faradaic 
or non-faradaic) at a given applied poten- 
tial. The main difficulty in the analysis of 
impedance spectra of solid electrodes is the 
“frequency dispersion” of the impedance 
values, referred to the constant phase 
or fractal behavior and modeled in the 
equivalent circuit by the so-called con- 
stant phase element (CPE) [5, 15, 16, 22, 35, 
36]. The frequency dependence is usually 
attributed to the geometrical nonunifor- 
mity and the roughness of PC surfaces 
having fractal nature with so-called self- 
similarity or self-affinity of the structure 
resulting in an unusual fractal dimension 


of the interface according to the definition 
of Mandelbrot [35-37]. Such a structural 
nonuniformity may result in a nonuniform 
distribution of a at the electrode surface 
due to the different E a= 0 of the differ- 
ent grains existing at the electrode surface. 
The fractal carpet model [35, 36] is repre- 
sentative of this approach. The impedance 
of a fractal electrode is 

Z = R S + Z 0 (jw)~ a (16) 

where Zo is a preexponential factor (anal- 
ogous to the inverse of the capacitance of 
the edl (1/C)), co = 2ttv is the angular fre- 
quency, j = V — 1 and a is a dimensionless 
parameter with a value usually between 0.5 
and 1. The CPE angle <p is related to a by 

9>=j( l-«) (17) 

The value a = 1 corresponds to ideal 
capacitive behavior. The so-called fractal di- 
mension D introduced by Mandelbrot [37] 
is a quantity that attains a value between 
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2 and 3 for a fractal structure and reduces 
to 2 when the surface is flat. According to 
Ref. [35, 36], D is related to a by 


1 

a = 

CD-I) 


(18) 


The CPE model has been used to study 
PC Au, Cd, Ag, Bi, Sb and it has 
been found that for electrochemically 
polished electrodes the surface roughness 
is very small compared with mechanically 
polished surfaces [5, 15, 16, 22, 35, 36] (see 
also Chap. 8 in Vol. 3). 


2 . 4.2 

Experimental Aspects. Short Review of Data 
2 . 4 . 2. 1 Silver 

Ag crystallizes in the face-centered cu- 
bic (fee) system. Various procedures for 
the preparation of the Ag electrode sur- 
face have been used [5, 7]. Vitanov et al. [2, 
3, 38] have used electrodes electrochem- 
ically grown (EG) in a Teflon capillary 
(so-called quasi-perfect Ag( 1 00) and Ag ( 1 1 1 ) 
planes). Valette and Hamelin [25, 26] have 
used electrochemically polished (EP) Ag 
single crystals (so-called real planes ), and 
Trasatti et al. [39] have used chemically 
polished (CP) Ag crystal faces. E a - o is 
found to depend on the crystallographic 
orientation of Ag faces (Table 1), increas- 
ing with the atomic density of the faces 
(see also Sect. 2. 4.3.1). The specific ad- 
sorption of anions increases in the order 
PF 6 - < BF 4 - < F“ < C10 4 “ for Ag(100) 
and Ag(lll) and in the order BF4~ < 
PF 6 - < CIO4- < F“ for Ag(110). The ac- 
tivity of CIO4 - on Ag electrodes increases 
in the sequence Ag(110) < Ag(100) < 
Ag(lll), but for F“ in the reverse or- 
der. This was explained by the decrease 
in hydrophilicity in the order Ag(lll) < 
Ag(100) < Ag(110) because the adsorp- 
tion of the large structure-breaking C1C>4 _ 


anion from H2O at Ag is mainly 
caused by the squeezing-out effect [4, 5, 
38], 

The inner-layer capacitance C" =0 in- 
creases in the sequence Ag(l 11) < Ag(100) 
< Ag(110) as the reticular density of 
EP planes decreases, in good agree- 
ment with the conclusions of Leiva and 
Schmickler [18], and with the data of 
quantum-chemical calculations of water 
adsorption at metal clusters [40]. For EG 
electrodes, C; varies in the reverse order 
and the values of C? =0 for quasi-perfect Ag 
planes are remarkably higher than those 
for real Ag planes [2-5]. 

The contradiction in the data might be 
explained by various concentrations of sur- 
face defects that are claimed to be minimal 
on EG Ag(lll) and Ag(100), and some- 
what higher on EP and CP electrodes. 
EG Ag(100), Ag(lll), and Cd(1000) were 
found to be free of screw dislocations and 
atomically smooth. However, the surface 
structure of real Ag single-crystal faces was 
observed by STM to be very smooth and 
atomically perfect too. For thermally grown 
and thereafter CP Ag surfaces, the correct 
LEED pattern has been obtained [8]. The 
large difference of E a= 0 values existing 
for the various Ag faces should cause a 
marked dependence of E m ; n on the surface 
structure [1-5, 7, 15, 16, 22, 25, 26], How- 
ever, the E a= 0 values obtained by different 
groups demonstrate a surprisingly good 
agreement (Table 1; see also Chaps. 14-20 
in Vol. 3). 

The temperature dependence of the 
edl parameters has been determined for 
real and quasi-perfect Ag planes [4, 5]. 
The electronic structure of Ag single- 
crystal face H2O + NaF interfaces has 
been studied by Chao et al. by ellipsometry 
and differential capacitance, which is 
discussed in Ref. [5]. 



Tab. 1 Electrical double-layer parameters for Ag, Au, and Cu in aqueous solutions 
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The edl at PC Ag-aqueous solution 
interface has been discussed by Leikis 
et ah, Valette and Hamelin, Vorotyntsev, 
and Trasatti and Lust [2-5, 7, 25-28]. 
A diffuse-layer minimum was found at 
£ min = -0.96 ± 0.02 V (SCE), but E min 
and C; do not correspond to E a= o 
and C? =Q (see also Sect. 2. 4.1. 5). E m ; n 
values for PC Ag-nonaqueous electrolyte 
interface, depending on the solvent nature, 
have been discussed in Ref. [5]. 

2.4.2. 2 Cold 

Au crystallizes in the same system (fee) 
as Ag. Experimental data obtained by 
cyclic voltammetry (CV), electrochemi- 
cal impedance, STM, AFM, SXRS, and 
other techniques (see also Chaps. 14-20 
in Vol. 3) show that the edl and inter- 
facial properties depend strongly on the 
crystallographic structure of the electrode 
surface, the surface charge density, as well 
as the chemical composition of the solvent 
and the electrolyte [2-11] (Table 1). Most 
of the results before 1980 were obtained 
with gold faces isolated by a noncontami- 
nating resin and cycled before use in dilute 
Na 2 SC >4 or H 2 SO 4 solutions until a stable, 
reproducible CV was obtained. From 1980 
onward, most of the results were obtained 
after a flame annealing treatment of Au 
planes, applied in a way similar to that orig- 
inally used for ordered Pt electrodes [41]. 
The surface cleanliness achieved by this 
method allowed investigations to be made 
in a meaningful way already during the 
first or initial scans of the CV. 

Over the past 15 years it has been 
demonstrated by a variety of in situ and 
ex situ techniques that flame-annealed Au 
faces are reconstructed in the same way 
as the surfaces of samples prepared in 
ultrahigh vacuum (UHV) [2-11] and that 
the reconstructed surfaces are stable even 
in contact with an aqueous solution if 


certain precautions are taken with respect 
to the applied potential and the electrolyte 
composition. The surface reconstruction 
of Au(110) is more rapid than that of 
Au(lll) and Au(100). A comprehensive 
review of reconstruction phenomena at 
single-crystal faces of various metals has 
been given by Kolb [ 6 ] and Gao et al. [42]. 

The edl at a PC Au-solution interface 
has been studied mainly by Clavilier and 
Nguyen Van Houng, Hamelin, Borkowska 
et al., and others [1-7, 43]. A diffuse-layer 
minimum was found at E m ; n = — 0.04± 
0.02 V (SCE) for PC Au| H 2 0 (NaF, KCIO 4 , 
HCIO 4 ), but E m i n obtained for PC Au 
does not correspond to bpc = # i°i = 0 

and Ci at E m ; n does not correspond to 
Cf =0 [2-5, 7]. The value of E m i n de- 
pends noticeably on the solvent nature 
and Emin (versus bis-biphenylchromium 
(BBCr(I/0)) scale) rises in the order 
of solvents MeOH < H 2 O < DMSO < 
dimethylformamide < propylene carbo- 
nate < acetonitrile [5, 43]. 

2. 4. 2. 3 Copper 

Cu crystallizes in the fee system. The exper- 
imental data for single-crystal Cu| H 2 O and 
for PC Cu are controversial [2-5, 7, 44, 45]. 
The first studies with Cu(lll), Cu(100), 
Cu(110), and PC Cu in surface-inactive 
electrolyte solutions show a capacitance 
minimum at E less negative than the 
positive limit of ideal polarizability of Cu 
electrodes. More reliable values of E a= 0 for 
Cu single-crystal faces have been obtained 
byLecoeurandB ellier [44] with E P Cu ( 1 1 1 ) 
and Cu(100) (Table 1). Foresti et al. [46] 
have found E a=0 = -0.93 ± 0.01 V (SCE) 
for the Cu(110)-aqueous solution inter- 
face, and the validity of the GCSG model 
has been verified. As for Zn single-crystal 
electrodes, reliable values of E a= 0 have 
been obtained indirectly from the depen- 
dence of the adsorption- desorption peak 
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potential £ max of TBN + on the crystal- 
lographic orientation [45]. Like other sd 
metals, rrpc # 0 on the PC CU-H 2 O inter- 
face at Zimin [2-5, 7, 25-27]. 

In situ AFM studies in aqueous H 2 SO 4 
and HCIO 4 solutions show that Cu(lll) 
exhibits the correct hexagonal structure. 
Cu(100) shows a correct structure and 
spacing at E = —0.63 V (SCE) in 0.1 M 
HCIO 4 , but the Cu(110) surface in dilute 
HCIO 4 (0.003 M) at E = -0.13 V (SCE) 
(160 mV more negative than the rest po- 
tential) exhibits a correct unreconstructed 
structure (see also Chaps. 15-17inVol. 3). 
The strength of the Cu-O bond will be 
lower on the Cu(lll) face than on the 
Cu(100) and Cu(110). These results sug- 
gest that a specific Pourbaix pH-£ phase 
diagram is needed to describe the behavior 
of each low index face of Cu [47]. 

2. 4. 2. 4 Lead 

Pb crystallizes in the fee system and elec- 
trochemically polished Pb(lll), Pb(100), 
Pb(110), and Pb(112) faces have been 


studied by impedance. The potential of 
the minimum in C, E curves was inde- 
pendent of CNaF> as well as of CNa 2 so 4 - The 
dependence of E 0= 0 on the atomic density 
of the faces is weak, and the value of E a= 0 , 
becoming less negative as the atomic den- 
sity decreases (Table 2), is in contradiction 
to that for other fee metals [2, 3, 5, 7]. The 
inner-layer capacitance at a = 0 increases 
in the sequence Pb(100) < Pb(llO) < 
Pb(112) < PC Pb < Pb (111), which has 
been explained by the increasing hy- 
drophilicity in the same order [48]. 

EDL data for PC Pb have been obtained 
in aqueous, glacial acetic acid, MeOH, 
EtOH, and dimethylformamide surface- 
inactive electrolyte solutions. At Emm 
the value of erpe « 0 and thus .Emin « 
E a= 0 [1-5,7, 48], 

2.4. 2. 5 Tin 

Sn crystallizes in the tetragonal sys- 
tem. E a - 0 increases only slightly with 
the atomic density of faces Sn(110) < 
Sn(100) < Sn(lll) [49, 50] (Table 2), in 


Tab. 2 Electrical double-layer parameters for Pb [5, 48] and Sn [5, 49, 50] in 
various solvents 


Electrode 

Solution 

£( 7=0 /V ] versus SHE 

R 

PC Pb 

0.01 M NaF/H 2 0 

-0.60 ±0.02 


1.10 

” 

KF/MeOH 

-0.43 ±0.02 


1.16 

” 

CH 3 COONa/CH 3 COOH 

-0.58 ±0.02 


1.15 

” 

NaCI0 4 /FM 

-0.61 ±0.02 

M 


Pb (1 11) 

0.01 M NaF/H 2 0 

-0.62 ±0.01 


1.05 

Pb (1 00) 

0.01 M NaF/H 2 0 

-0.59 ±0.01 


1.10 

Pb (1 1 0) 

0.01 M NaF/H 2 0 

-0.58 ±0.01 


1.10 

Pb (1 12) 

0.01 M NaF/H 2 0 

-0.58 ±0.01 


1.15 

PC Sn 

NaCI0 4 + (HCI0 4 ) 

-0.43 ±0.02 


- 

Sn(001) 

Na 2 S0 4 /H 2 0 

-0.37 ±0.01 


1.1 

Sn (T 1 0) 

Na 2 S0 4 /H 2 0 

-0.37 ±0.01 


1.1 

Sn (1 10) 

Na 2 S0 4 /H 2 0 

-0.38 ±0.01 


1.1 


Note: Abbreviations: I: impedance method; IM: immersion method; PC: 
polycrystalline; FM: formamide; MeOH: Methanol. 
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accordance with the general trend ob- 
served for sd and sp metals [2-5, 7]. 
The applicability of the GCSG theory for 
monocrystalline and PC Sn has been ver- 
ified by Khmelevaya and Damaskin [49, 
50]. At Zimin, opc ~ 0 for PC Sn has been 
obtained. 

2.4.2. 6 Zinc 

Zinc crystallizes in the hexagonal close- 
packed (hep) system. As the zinc dissolu- 
tion takes place at potentials very close to 
E a= o, the differential capacitance curves in 
the region of E a= o in pure surface-inactive 
electrolyte solutions can be determined di- 
rectly for the Zn(1120) face only, for which 
E a= o is more negative than the steady 
state potential [51, 52] (Table 3). The val- 
ues of E a - o obtained by the salting-out 
method for Zn(1121) and by the depen- 
dence of Zimm on crcI at C TU = const are 
in good agreement with the values of E a — o 
obtained from the C, E curves for pure 
KCl solutions. E a -o values for other faces 
have been obtained by the dependence 
of Zimin in the C, E curves on crci in 
solutions in the presence of thiourea at 
ctu = 3 x 10 -1 M [51, 52]. The maximum 
difference between the E a= o values for 
the various faces of Zn is about 90 mV, 
and this is in good agreement with earlier 
estimates [1-5, 7] (see also Sect. 2.4.3. 1). 

The edl at PC Zn-H20 interfaces has 
been studied in many works, but the 
situation is somewhat ambiguous and 
complex. The values of E m in depend on 
the surface preparation method. The value 
of E a= o for PC Zn lies between E a= o 
values for single-crystal planes, and at 
E m m, I Opel < 0.01 C m -2 [1-5, 7, 51, 52], 

2.4.2. 7 Cadmium 

Cadmium crystallizes in the hep system. 
Korotkov etal. [53] have established that 


in surface-inactive electrolyte solutions 
(NaF, LiCl0 4 ) the E a=0 of Cd (1120) is 
slightly shifted to more negative potentials 
compared with the E a= o of polished PC 
Cd. On a scraped surface of Cd(1120), 
E a — o is more negative than on a polished 
one, and this difference can be related to 
the greater inhomogeneity of the scraped 
surface. Vitanov, Popov et al. [54, 55] have 
studied Cd(0001), EG in a Teflon capillary. 
A linear PZ plot with R = 1.09 has been 
found at a = 0. A slight dependence 
of Ci, a -curves on c e j has been found. 
The temperature dependence of the edl 
parameters has been studied for Cd(0001). 
The positive value of dE a= o/dT (0.33 ± 
0.03 mV K -1 ) is taken to indicate that 
the H 2 O dipoles are oriented with their 
negative end toward the metal surface. C; 
has been found to be higher for Cd(0001) 
than for PC Cd [54, 55], 

Electrochemically polished and chemi- 
cally treated Cd(0001), Cd(1010), Cd(1120), 
Cd(1011), and Cd(1121) electrodes have 
been studied by impedance [15, 16, 22], 
and the main parameters obtained are 
given in Table 3. The value of E m i n for 
PC Cd [1-5, 7] lies between the E a= 0 
values for single-crystal planes, and at 
Emin, upc < 0.01 pC cm -2 . E a= o for a cut 
Cd(0001) c electrode is in good agreement 
with that for electrochemically polished 
Cd(0001). For chemically treated Cd elec- 
trodes, a remarkable dependence of Zs m i n 
on CNaF has been observed [5, 22], char- 
acteristic of PC surface. The inner-layer 
capacitance of EP Cd faces increases as the 
atomic density decreases, in good agree- 
ment with Leiva-Schmickler model and 
quantum-chemical calculations [18, 40]. 
It has been suggested that hydrophilic- 
ity increases in the order Cd(0001) < 
Cd(lOlO) < Cd(1120). The same order 
has been proposed on the basis of 
data of organic compound adsorption. 
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The inverse capacitance of metal phase, 
shown in Fig. 9, obtained according to the 
Amokrane-Badiali model [15, 16, 19, 22], 
depends on the crystallographic structure 
as well as on the chemical nature of the 
metal studied. 

2.4.28 Bismuth 

Bi crystallizes in a rhombohedral sys- 
tem. Electrochemically polished Bi single- 
crystal faces were first used for edl 
studies by Frumkin, Palm and cowork- 
ers [1, 20, 21]. The E m ; n (Table 4) was 
observed to be shifted 30 mV toward 
more negative potentials compared with 
Bi solid drop electrode and EP PC Bi. 
Later, electrochemically polished Bi(011), 
Bi(21 1), Bi(001), and Bi(101) faces have 
been studied [5, 15, 16]. The difference 
between E a= o for the above faces and 
the Bi(lll) face is comparatively big 


and this can be explained by the dif- 
ferent surface states of the Bi faces. 
£min for PC Bi lies between E a= o 
values for various planes with crpc < 
0.01 pC cm -2 . 

The admittance of Bi single-crystal 
faces and PC Bi in acetonitrile and 
various alcohols including LiCl 04 solu- 
tions has been studied, and E a= o has 
been found to depend on the nature of 
the solvent. Maximal A£ cr= o for vari- 
ous faces decreases in the order of sol- 
vents: acetonitrile > H 2 O > methanol > 
2-propanol > ethanol [5, 15, 16]. 

C ; values increase as the atomic density 
of the face decreases, except for Bi(lll), 
in good agreement with the theoreti- 
cal calculations by Leiva and Schmick- 
ler, predicting the lowest interfacial ca- 
pacitance for the most densely packed 
planes [18]. The capacitance of a metal 




a a 

[pC cm -2 ] [pC cm -2 ] 

Fig. 9 The dependence of the “effective” thickness of the potential drop region in the metal surface 
layer, calculated by the Amokrane-Badiali model [1 9] (at constant capacitance of solvent monolayer, 
Cs), on the charge density for aqueous solution on different electrodes (a): 1 , Sbfll 1); 2, Sb(001); 3, 
Bi(l 1 1); 4, Hg; 5, Bi(001); 6, Cd (0001); 7, Cd(l 120); and 8, Ca; and for Bi(001) in various solvents 
(b): 1, methanol; 2, H 2 O; 3, acetonitrile (updated from Ref. [15, 16]). 
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Tab. 4 Electrical double-layer parameters of Bi and Sb [5, 15, 16, 22] electrodes in various solvents 


Electrode 

Solvent 

E a= 0 [V] versus 
aq. SHE 

R 

D 

Atomic 
density [cm~ 2 ] 

Bi (11 1 ) 

KF/H 2 0 

-0.434 ±0.005 

1.04 

2.03 

5.6 x 10 15 

Bi(101) 


-0.34 ±0.01 

1.07 

2.05 

4.5 x 10 15 

Bi(001) 


-0.35 ±0.01 

1.06 

2.05 

5.3 x 10 15 

Bi (01 T ) 

” 

-0.35 ±0.01 

1.05 

2.04 

6.4 x 10 15 

Bi (21 1 ) 

” 

-0.33 ±0.015 

1.14 

2.06 

7.4 x 10 15 

Bi(lll) 

UCIO4/AN 

-0.25 ± 0.01 

1.06 

2.04 

- 

Bi(101) 

” 

-0.18 ±0.01 

1.01 

2.04 

- 

Bi(001) 

” 

-0.1 7 ±0.01 

0.98 

2.03 

- 

Bi (01 1 ) 


-0.18 ±0.01 

1.08 

2.06 

- 

Bi (21 1 ) 


-0.1 7 ±0.01 5 

1.03 

2.05 

- 

Bi(lll) 

LiCl0 4 /Me0H 

-0.28 ±0.01 

1.05 

- 

- 

Bi(001) 

” 

-0.21 ± 0.01 

1.07 

- 

- 

Bi (01 1 ) 

” 

-0.23 ±0.01 

1.10 

- 

- 

Bi(lll) 

LiCl0 4 /Et0H 

-0.21 ± 0.01 

1.03 

2.04 

- 

Bi(001) 

” 

-0.18 ±0.01 

1.08 

2.07 

- 

Bi (01 1 ) 

” 

-0.20 ±0.01 

1.07 

- 

- 

Bi(2ii) 

” 

-0.22 ±0.01 

1.12 

- 

- 

Bi(Hl) 

LiCl0 4 //-PrOH 

-0.21 ± 0.01 

1.02 

- 

- 

Bi(001) 


-0.1 70 ±0.01 5 

1.07 

- 

- 

Bi (01 T ) 

” 

-0.220 ± 0.015 

1.03 

- 

- 

SbDE R 

KF; NaF/H 2 0 

-0.1 7 ±0.01 

1.10-1.14 

- 

- 

PC Sb 

NaF/H 2 0 

-0.16 ±0.02 

1.03 

2.05 

- 

SbDE R 

HCl0 4 /Me0H 

-0.02 ±0.025 

1.08 

- 

- 

Sb(lll) 

kf/h 2 o 

-0.22 ±0.01 

1.06 

2.04 

- 

Sb(001) 

” 

-0.1 3 ±0.01 

1.04 

2.04 

- 

Sb (01 T ) 

” 

-0.15 ± 0.01 

1.18 

2.08 

- 

Sb(2ii) 

” 

-0.10± 0.015 

1.25 

2.10 

- 

Sb(lll) 

LiCl0 4 /Et0H 

-0.02 ±0.01 

1.01 

- 

- 

Sb(001) 


0.05 ±0.01 

1.04 

- 

- 


Note: Abbreviations: AN, acetonitrile; MeOH, methanol; EtOH, ethanol; /-PrOH, isopropanol; 
SbDE R , an antimony drop electrode with remelted surface; PC, polycrystalline. 


phase, Cm, has been calculated according 
to the Amokrane-Badiali model [19]. The 
thickness of a thin metal surface layer 
/ M = 1/47 tCm as a function of a decreases 
in the order Bi(lll) > PC Bi > Bi(101) > 
Bi(211) > Bi(Oll) > Bi(001), in agree- 
ment with other data. The value of /JJ ax 
rises in the order AN < H 2 O < MeOH < 
EtOH (Fig. 9b), which has been explained 
by slight deviation of experimental systems 
from the Amokrane-Badiali model [19]. 


The influence of the surface pretreat- 
ment of Bi single-crystal faces has been 
studied, and a noticeable dependence of 
E a= o on the surface structure has been 
established [5, 15, 16, 22], 

2. 4. 2. 9 Antimony 

Sb crystallizes in the same rhombohedral 
system as Bi. Sb(lll) exhibits an appre- 
ciably more negative value of E a= 0 com- 
pared with the other planes (Table 4). The 
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difference A E 0= q for Sb(001), Sb(Oll), 
and Sb(211) is not more than 0.05 V and 
£< 7=0 decreases as the atomic density of 
the surface increases. £< T= o for the Sb solid 
drop electrode has an intermediate value, 
and erpc < 0.01 C m~ 2 at £^? n [5, 15, 16, 
22 ], 

The C\ values for Sb faces and PC Sb 
are noticeably lower than those for Bi. The 
closest-packed faces show the lowest values 
of C; (except Sb(lll)), in good agreement 
with the Leiva- Schmickler model [18]. The 
anomalous position of Sb(lll) and Bi(lll) 
is probably caused by a more pronounced 
influence of the capacitance of the metal 
phase compared with other Sb and Bi faces 
(Fig. 9a). 

The edl structure of Sb(lll)-EtOH 
and Sb(001)-EtOH interfaces has been 
investigated by impedance. As for H 2 O, 
A £< 7=0 in EtOH for Sb(001) and Sb(lll) 
is higher than for Bi(lll) and Bi(001). 
C^~° for Sb single-crystal faces in EtOH 
are lower than for Bi, which has been 
explained by the lower lyophilicity of Sb, 


as well as by the higher thickness of the 
thin metal layer [5, 15, 16, 22]. 

2.4.2.10 Iron 

Fe crystallizes in the body-centered cubic 
(bcc) system. Fe(100) and Fe(lll) single- 
crystal faces were grown at 750-4- 780 °C 
from FeBr 2 in pure H 2 atmosphere and 
reduced for 1 h at £ = —0.95 V (SCE) 
in the working solution (pH = 2.5). A 
diffuse-layer capacitance minimum was 
observed with £ m ; n practically indepen- 
dent of c e i (Table 5). The PZ plot was linear 
with R somewhat higher than unity. The 
inner-layer capacitance decreases from 
Fe(lll) to Fe(100) as the atomic density 
of the face increases [56]. 

The PC Fe electrodes with electrochem- 
ically polished (cathodically pretreated for 
1 h) surfaces show a diffuse-layer mini- 
mum at £ m in = —0.94 V (SCE), indepen- 
dent of ch 2 so 4 [57]. A dependence of the 
PZC on pH has been observed [5]. 

The edl at the renewed Fe-LiClC >4 
interface has been studied in various 


Tab. 5 Electrical double-layer parameters of Fe [5, 56-58] and Ni [5, 59] in various solvents 


Electrode 

Solution 3 

£<t=o [ V ] versus aq. R 

SHE 

Atomic density 
[cm~ 2 ] 

PC Fe 

KF (0.01 M)/ 

-0.70 ±0.02 


— 

” 

NaCI0 4 /H 2 0 

-0.64 


~ 

Fe (1 11) 

NaCI0 4 /H 2 0 

-0.69 ±0.01 

■ 

0.707 x 10 15 

Fe (1 00) 

NaCI0 4 /H 2 0 

-0.72 ±0.01 

1.33 

1.222 x 10 15 

PC Fe 

LiCI0 4 /TMU 

-0.56 

5.0 

- 

” 

LiCI0 4 /DMF 

-0.41 

- 

- 

” 

LiCI0 4 /DMAA 

-0.31 

- 

- 

” 

LiCI0 4 /N-MP 

-0.61 

- 

- 

” 

LiCI0 4 /HMPA 

-0.56 

4.8 

- 

PC Ni 

H 2 S0 4 /H 2 0 (pH = 3.0) 

-0.24 

- 

- 

Ni(100) 

hcio 4 /h 2 o 

-0.39 ±0.02 

1.0 

1.614 x 10 15 

Ni(110) 

hcio 4 /h 2 o 

-0.53 ±0.02 

1.0 

1.141 x 10 15 


a TMU: tetramethylurea; DMF: dimethylformamide; DMAA: N,/V,-dimethylacetamide; MPF: 
N-methyl-N-2-pyridylformamide; HMPA: hexamethylphosphoramide. 
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nonaqueous aprotic solvents by Sa- 
fonov et al. [58]. The E m i„ in C, E 
curves depends on time; for Fe|l,l,3,3- 
tetramethylurea (TMU) + LiClC>4 inter- 
face, Zimin = —0-8 V (SCE in H2O) just 
after surface renewal and —0.35 V after 
15 min. The PZ plot at E m i n was lin- 
ear, with R equal to 5.0 in TMU and 4.8 
in hexamethylphosphoramide. The recon- 
struction of the surface is probable during 
the experiment with a decrease in surface 
roughness with time [58]. 

A less pronounced dependence of C; 
on E for an Fe electrode than that for 
Hg has been observed, and the values 
of Ci for Fe are remarkably lower than 
that for Hg. Thus, the interfacial potential 
drop is substantially higher for Fe than for 
Hg and, accordingly, strong chemisorption 
of solvent molecules, weakly depending 
on E, is probable at an Fe- electrolyte 
interface [58]. 

2.4.2.11 Nickel 

Ni crystallizes in the fee system. A diffuse- 
layer minimum has been observed for 
the Ni(100) and Ni(110) single-crystal 
faces in H20/Na2SC>4 system, with fs m i n 
independent of v and c e i, and R « 1 
(Table 5). In the case of Ni(lll) and 
PC Ni the capacitance also decreases 
with dilution, but no deep minimum 
was observed in the C, E curves. Very 
low C; values have been obtained. The 
difference between sp and sd metals has 
been explained by a different strength of 
the interaction between the metal and 
solvent molecules [59]. 

E a= o of PC Ni is located in the 
negative potential range and depends 
strongly on the solution’s pH [1, 5]. Widely 
scattered Zs m j n values have been reported 
by different authors at similar solution pH 
(Table 5). However, the values obtained 


by scraped method are in reasonable 
agreement with impedance data [5, 13]. 

2.4.2.12 Pt-group Metals 

Pt and Pt-group metals (poly- and sin- 
gle crystals) have long been among the 
most intensively studied systems in elec- 
trochemistry; nevertheless, reliable E a — 0 
values have been determined only re- 
cently [1, 5, 8, 14, 60-67]. 

The analysis by Frumkin et al. [1, 14] 
in 1970 led to the conclusion that in 
the case of nonpolarizable electrodes, two 
values of zero-charge potential can be 
defined: E a= o and Eq = 0 (see Sect. 1). 
The values of E a= 0 obtained by the scrape 
method [13] are in reasonable agreement 
with the Frumkin et al. data (Table 6). 
Results for other Pt-group metals are 
due to Frumkin and coworkers [1, 14] 
(Table 6). An Rh electrode with the surface 
renewed in closed circuit has been used 
by Lazarova [60]. In 0.005 M Na2SC>4, 
E a= 0 = -0.09 ± 0.02 V (SCE), while in 
0.5 M Na 2 S0 4 , pH 2.5, E a= 0 = -0.22 V 
has been reported with 3Z? (J= o/3pH = 
55 mV. 

It is to be stressed that in the case of 
PC Pt-group metals, the crystallographic 
structure of the surface probably exerts 
a very pronounced influence, so that 
the experimental PZC values do not 
correspond to the condition erpc = 0. 

The surface electrochemistry of Pt 
single-crystal electrodes has been exhaus- 
tively studied using cyclic voltammetry [5, 
8-12, 61-67]. Phenomena of a step re- 
construction and step coalescence have 
been observed [61]. For Pt(lll)-H20 in- 
terface, prepared by the flame annealing 
method, a double-layer charging has been 
observed only in a very narrow potential 
region (0.1 < E < 0.35 V (SCE) in 0.05 M 
H2SO4), which depends on the chemical 



Tab. 6 Potentials of zero charge of Pt-group metal single-crystal faces in aqueous solutions 
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nature of the anion [5, 41, 61] (see also 
Chaps. 14-17 and 19 in Vol. 3). 

For Pt(lll) in the aqueous solutions of 
hydrofluoric acid, Wagner and Moylan [62] 
have estimated E a= o = 0.22 V (versus re- 
versible hydrogen electrode) by comparing 
voltammetric curves and high-resolution 
electron energy loss spectroscopic data of 
water + H + coadsorption from the gas 
phase. Iwasita and Xia [63] prepared Pt 
single crystals according to the Clav- 
ilier et al. method [41]. According to the 
data of Fourier transform infrared (FTIR) 
reflection adsorption spectra, the water ori- 
entation changes from hydrogen down to 
oxygen down at 0.29 V (SHE), and this 
has been taken to indicate that Eq = o for 
Pt(lll) is close to this value. 

Hamm et al. [64] treated a Pt(lll) sur- 
face in a UHV chamber by sputtering and 
annealing until the surface was clean and 
well ordered. A very narrow potential re- 
gion, 0.13 < E < 0.28 V (SCE), is left to 
bare double-layer charging with a capaci- 
tance C = 110 ± 13 pF cm -2 . Thus, only 
in this region, a Pt(lll) surface is free 
from surface adlayers. Thereafter the im- 
mersion method (IM) was used, and the Q, 
£-plot has been found to go through zero 
at E > 0.80 V (SHE). Assuming a small 
dependence of C on E, a somewhat more 
positive E a= o ~ 1.1 V (SHE) has been esti- 
mated. However, it is to be noted that these 
values of E a= o correspond to the potential 
region, where the Pt surface is oxidized [5]. 

Clavilier et al. [65] have studied CO 
adsorption on electrochemically faceted 
Pt(lll) and Pt(110) electrodes, and from 
the charge transients, these authors have 
provided a “definite” determination of 
Eq = o- However, electrochemically faceted 
Pt(lll) electrodes have a PC surface struc- 
ture, and thus the value of Eq = o for 
such electrodes lies between Eq=q for 
terraces and E ( q^ for steps [5], Gomez 


et al. have studied the stepped Pt(lll) sur- 
faces [66]. The dependence of the PZTC 
for Pt(lll) surfaces in acidic aqueous so- 
lution having increasing densities of the 
ordered monoatomic steps in the (111) to 
(110) and (111) to (100) zones is evaluated 
from CO “charge-displacement” measure- 
ments, with the objective of elucidating the 
influence of the electrochemical double 
layer on the large step-induced changes in 
surface potential known for the clean un- 
charged surface in UHV [67]. The PZTC 
values in 0.1 M HCIO4 and 0.5 M H2SO4 
solutions decrease noticeably upon in- 
creasing the (110) step density, whereas 
smaller effects are found for the (100) 
steps. The location of the Eq = 0 values 
within the so-called hydrogen region, how- 
ever, complicates the interpretation of the 
Eq=o -step density dependences owing 
to the presence of faradaic charge asso- 
ciated with potential-dependent hydrogen 
adsorption [66]. 

A detailed study of N2O reduction on 
a variety of single-crystal Pt-group metal 
electrodes shows that N2O reduction cur- 
rent maxima occurred exactly at Clavilier’ s 
Eq = o- Therefore the N2O reduction data 
have been used for obtaining the Eq = 0 
values (Table 5). The importance of a lo- 
cal value of Eq = q has been emphasized, 
especially with respect to reconstructing 
metal surfaces such as Pt(100) and Pt(110), 
which can be prepared in a variety of crys- 
tallographic states [5, 65-68], 

Pt and Pd electrodes with a renewed 
surface obtained by cutting with a ruby 
knife under the working nonaqueous 
solution have been studied by Petrii 
et al. [69, 70] and by other investigators 
(Table 6). A more detailed discussion of 
data obtained is presented in Ref. [5]. 

Electrical double layer at solid metal 
alloy- electrolyte interface have been stud- 
ied, but one of the features of alloys is that 
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their bulk and surface compositions are, 
as a rule, substantially different because 
one of the components is more surface- 
active than the other. It is to be noted 
that the surface composition of solid alloys 
can change with time as well as through 
surface process (selective oxidation or dis- 
solution, surface migration and diffusion 
of components). Therefore, for the more 
detailed discussion the future experimen- 
tal studies are inevitable; however, a short 
review of experimental data is given in 
Ref. [5], 

2.4.3 

General Correlations 

2. 4. 3. 1 Zero-charge Potential and 
Reticular Density of Planes 

Figure 10 shows the graphical dependence 
of the PZC (or PZTC for Pt planes) on the 
crystallographic orientation of the surface 
for fee metals. The plots exhibit a typical 
pattern with minima and maxima, which 
fall at the same angle for all fee metals, 
and E a= o values are linearly correlated 
with the coordination number of surface 
metal atoms [2-5]. 

E a= o values are correlated with the 
density of atoms on the given surface 
and are given in Fig. 11. The PZC is 
more positive for dense surfaces and 
more negative for open surfaces. Pb 
also crystallizes in the fee system and 
therefore the same dependence of E a — o 
on the crystallographic orientation should 
be expected, but E a= o varies exactly in the 
other direction [48]. A possible explanation 
can be sought in the surface mobility of Pb 
atoms at room temperature, which may 
lead to extensive surface reconstruction 
phenomena [5]. The data for Ni(001), for 
Ni(110) [59], and for Pt planes (Eq = o) [68] 
are in good correlation with those for Au, 
Ag, and Cu planes. 


Zn and Cd both crystallize in the hep 
system. For both metals, the basal (0001) 
face is the most dense, and as for fee 
metals, E a= o is more positive than for the 
other faces [15, 16, 22, 48] (Fig. 11). For 
Sn planes the variation of E a= o with the 
crystal face is practically negligible [49, 50]. 

Being semimetals, Bi and Sb show 
anomalies in the correlation of E a= o 
with the surface atomic density [15, 16, 
22], explained in terms of face-specific 
space charge effects. However, the definite 
dependence of E a= o on the reticular 
density of plane has been established in 
a good agreement with general tendency. 

The data discussed above indicate that 
the difference in E a= o between the most 
dense and the most open surface depends 
on the “softness” of the metal surface, 
which to a first approximation can be 
measured by the melting point of the 
given metal [2-5]. AE a= o is highest for 
Au (Tf = 1063°C) and lowest for Sn 
(7f = 231.9 °C). 

2. 4. 3. 2 Potential of Zero Charge, Work 
Function, Interfacial Parameter, and 
Inner-layer Capacitance 

According to the basic concepts of elec- 
trochemistry (see also Chap. 1 in Vol. 1), 
the electrode potential E measured with 
respect to the constant reference electrode 
can be expressed as 

E(vs. ref.) = O + 5/ M + <$Xs + A Xion 
+ const (19) 

where 5 /m = Xm ' — XM is the perturba- 
tion of the electron distribution at the 
surface of the metal (xm is the surface 
potential of the bare metal surface in vac- 
uum), Sxs = Xs M ' — Xs is due to the effect 
of any solvent dipolar layer preferentially 
oriented at the phase boundary (xs is the 
surface potential at the free surface of the 
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Fig. 10 Dependence of the pzc, E a= q, on the crystallographic orientation for 
the metals (Cu, Ag, Au, and Ni), which crystallize in the fee system. For Pt 
electrodes, Eq = q values have been used. (Updated from Ref. [5].) 



Fig. 11 The dependence of zero-charge potential (PZTC values for Pt metals) on the atomic density 
for various single-crystal electrodes (metals noted in figure) (updated from Ref. [5]). 
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solvent), and Axion accounts for any possi- 
ble charge separation across the interface. 
At the PZC in surface-inactive electrolyte 
solutions, the ionic specific adsorption 
is absent (Axion = 0) and Eq. (19) mod- 
ifies to 

E ( r=o(vs. ref.) = <P + 5 /m + <*>Xs + const 
= $ + X + const (20) 

Since the two perturbation terms (<5xm 
and <5xs) are specific to the given interface 
and are experimentally inseparable, they 
have grouped into a single quantity X 
and, according to Trasatti, is called the 
interfacial parameter [ 1, 4, 5, 71, 72]. 
Thus, the difference in E a= o for different 
metals can be written as AE a= o = A<f> + 
AX if the same reference electrode 
is used. 

The main problem in E a - o versus <f> 
correlation is that the two experimental 


quantities are as a rule obtained in different 
laboratories with different techniques. 
More than with E a= o, the problem is with 
the selection of values for <t>. The values 
of E a= o have been obtained more recently 
and are usually known with accuracy to 
±0.01 V or better, the measurements of 
<t> are rather occasional and have an 
accuracy from ±0.05 to ±0.25 eV [4, 5]. 
Thus, experimental data do not ensure 
an appropriate accuracy for AX and 
the uncertainty may outweigh the value 
itself. The best way to proceed is to 
plot E a= o versus <f> for many electrodes 
and to derive information about AX 
term from graphical correlations using 
statistical analysis. 

Figure 12 shows a dependence of E a= o 
on <t>. For PC sp metals, the average 
work function values, defined as (<t> M ) = 
YljQj’&’f’ have been used [5, 73]. Hg is 
taken as a reference surface and a straight 



Fig. 12 The dependence of the electron work function (into UHV) on the zero-charge potential for 
various PC (filled marks) and monocrystalline (open marks) electrodes (metals and faces noted in 

the figure). ( ) Straight line of the unit slope through the point for Hg. For Pt-metals potentials 

of zero total charge are shown. 
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line of unit slope is drawn through its 
point. The data show that all metals lie 
on the left of the straight line, thus all 
of them have an X term more negative 
than that of Hg and there are no metals 
on whose surface the contact with water 
produces a lower A<t> than on Hg. The 
horizontal distance (along the E a - o axis) 
of each metal point from the line of unit 
slope measures AX with respect to Hg. 
Thus, AX measures the relative value 
of the contact potential difference at the 
metal-water interface [4, 5]. 

All sp metals, except Zn, can be 
apparently gathered in a single group 
and there is a clear trend within the 
group for E a - o to become more negative 
as <t> decreases. Thus, AX increases 
as <t> decreases. Zn has much higher 
value of AX than the other sp metals 
with comparable work function. Since 
X = i5/ m + <5x S > the major contribution 
is probably in <5x S - 

In view of the large heterogeneity effect 
on the value of E a= o for sd metals, the 
data for single-crystal planes are shown in 
Fig. 12. It is remarkable that each metal 
forms a separate group in which the 
faces are aligned along apparently parallel 
straight lines with the same slope as for sp 
metals. AX varies in the sequence Au < 
A g < Cu and for the same metal with the 
crystal face (111) < (100) < (110). These 
relations are in good agreement with the 
work function drop values, caused by the 
adsorption of H 2 O molecules, obtained 
from the UHV data [4, 5]. 

It is to be noted that in many cases, the 
preparation of a single-crystal face is not 
followed by a check of its perfection by 
means of appropriate spectroscopic tech- 
niques, and therefore we actually have 
“nominal” single-crystal faces. The only 
values of AX of high reliability are, in 


principle, those for singular planes, specif- 
ically Au(l 11), for which “congruent” pairs 
of data exist for T> and E a= 0 [4, 5]. 

E a= 0 values for PC d-metals are not very 
reliable, except Fe and Ni, and therefore 
the points for PC Fe and Ni only as well 
as for single-crystal planes are included 
in Fig. 12 as broadly representative of d- 
metals. AX values for these electrodes are 
higher than those for sp and sd metals. 

Pt metals have never found a def- 
inite position in E a= o, <t> correlation. 
Recently, with the improvement achieved 
in the preparation and control of sur- 
faces, the PZTC has been estimated 
indirectly (0.22 < E Q=0 < 0.35 V (SHE)) 
close to the PZC of PC Pt. In view of 
the heterogeneity of Pt surfaces, this close- 
ness may be puzzling [5]. However, if the 
PZTC estimated around 0.30 V (SHE) is 
taken for Pt(lll) as Eq = 0 , the point of Pt 
would be located further from the line for 
d-metals, with a high value of AX that is 
not justified by the known behavior of the 
Pt surface [5]. 

The value of E„-q for Pt(lll), obtained 
directly by the IM [64], is much more 
positive than others reported [62, 63, 68]. It 
is in the right direction with respect to a PC 
surface, even though it is an extrapolated 
value and probably corresponds to the 
oxidized Pt(lll) surface [5]. If this value 
is taken as PZTC and 6.1 eV assumed to 
be <t> for Pt(lll), then a linear dependence 
seems to be valid for Hg, Au(lll), and 
Pt(lll), and AX increases in the order 
Hg < Au(lll) < Pt(lll). The value of 
E a= 0 given by Frumkin et al. [1, 14] would 
imply <t> = 5.4 eV for the PC Pt, which 
is within the usual range of experimental 
data. However, there remains the puzzling 
aspect that while Eq = o refers to a 
surface with hydrogen adsorbed on it, <t> 
values do not include contributions from 
adsorbed H [5], 
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Data for single-crystal planes of sp 
metals have not been plotted in Fig. 12 
as there are no correct <f> values in the 
literature. For that reason the so-called 
electrochemical work function values <J>* 
have been obtained according to Frumkin 
et al. and Trasatti’s conception discussed 
in Refs. [1, 71, 72]. According to the data in 
Fig. 13, there is a good linear correlation 
between d>* and E a= o values for single- 
crystal planes of sp metals, with the same 
slope as for PC sp metals. The dependence 
of AX* on the crystallographic orientation 
of plane is weak, but AX* seems to 
increase with the decrease of the reticular 
density of planes, thus in the same 
direction as for fee sd metals. 

AX and A<1> measure change in the 
structure of the surface layers of a metal 


and of a solvent as the two phases are 
brought in contact (see also Chap. 14 in 
Vol. 3). The reorientation of a solvent 
molecule is possible if there are orienting 
forces acting on it, which in the absence 
of an electric field (er = 0) can only be 
the short-range chemical interactions. So, 
AX can also be interpreted in terms of 
metal-water interaction, and the concept 
of “hydrophilicity” has been introduced [1, 
4, 5, 71, 72]. Flowever, a quantitative com- 
parison (of AX with AT>) with reliable 
recent data is possible only for Ag(110), 
Cu(110), and Pt(lll), and the gas phase 
data confirm the sequence observed elec- 
trochemically. Thus, A<t> varies in the 
order Au < A g < Cu (Ad> for PC Au is 
compared with AX for the (110) face); 
also, A<t> decreases Cu(110) > Pt(lll) > 



Fig. 13 Dependence of the electrochemical work function O* on the pzc E , J= o for 
various single-crystal and PC electrodes: 1 , Sb (21 T) ; 2, Sb(001); 3, Sb (01 T) ; 4, PC-Sb; 5, 
Hg; 6, Sb(lll); 7, Bi(211); 8, Bi(lOl); 9, Bi(011) and Sn(001); 10, Bi(001); 11, Sn(110); 

12, PC-Bi; 13, Sn(110); 14, PC-Sn; 15, Bi(lll); 16, Pb(110) and Pb(l 1 2); 17, Pb(100); 18, 
PC-Pb; 19, Pb(lll); 20, In(Ga); 21, Ga; 22, Tl(Ga); 23, Cd(0001); 24, PC-Cd; 25, Cd(1010); 
26, Cd(l 120) and Zn(0001); 27, PC-Zn; 28, Zn(1010); 29, Zn (1 120); 30, Zn(0001); 31, 
PC-Zn, 32, Zn(1010); 33, Zn(l 1 20). The values of 0*1-29 have been calculated 
according to the equation E a= o (versus SHE, V) = 1 .270* (eV) — 5.91; and 30-33 
according to equation E a= g (versus SHE, V) = O*(eV)-5.01 (updated from Ref. [71]). 
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Ag(lll) [4, 5], According to the data of 
thermal desorption spectroscopy (TDS), 
the Ag-H 20 interactions are weaker than 
H 2 O-H 2 O interactions, and the activity 
of Cu(110) is higher than that of (111) 
and (100) faces. The M-H 2 O interactions 
are stronger on Cu than on Ag. A sur- 
face of Pt(lll) is more reactive than that 
of sd metals, but the high-temperature 
TDS peak for Pt(lll) is very close to 
that of Cu(110). More complex spectra 
are exhibited by Ni(110), which is known 
to be easily oxidized and thus tends to 
react strongly with water molecules [5, 

74 ]. 

A high value of AX entails an apprecia- 
ble modification of the surface structure 
as a consequence of strong interactions 
between the phases and vice versa, and 
thus the inner-layer capacitances have to 
correlate with AX (or A<t>) values. A 
good correlation between the experimen- 
tal inner-layer thickness /; = AizCi and 
AX has been demonstrated for various 


electropolished PC and single-crystal sp 
and sd metal electrodes in H 2 O medium 
(Fig. 14). The decrease of /; with the in- 
crease of AX appears to be a general 
occurrence [5, 71], and for electropolished 
Ag electrodes, /; decreases in the sequence 
(111) > (100) > (110) as the hydrophilic- 
ity of surface decreases. The point of 
Au(100) is also located near the general 
correlation [5, 37]. 

A linear correlation between /; and 
electrochemical AX* values for sp single- 
crystal planes (Fig. 14), in correlation to 
the general behavior for PC sp metals and 
electropolished Ag and Au planes, can be 
observed. For Bi(lll) and Sb(lll) there 
are small deviations toward higher values 
of Zj, caused by the different semimetallic 
properties of these planes [5, 71]. 

On the other hand, the same values 
of Ci cannot fit Fig. 14 if the values of 
AX estimated by Valette are used [26]. 
The same is the case for the values 
of Cj reported by Popov et al. [38] for 



Fig. 14 Dependence of the inner-layer thickness on the interfacial parameter AX for various 
polycrystalline sp metals (filled marks) and single-crystal sp and sd metal electrodes, noted in 
figure (updated from Refs. [5, 71]). For single-crystal sp metals, AX* values have been used. 
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single-crystal faces grown in a Teflon 
capillary. For electropolished Cd, higher 
capacitances for the faces with more 
negative PZC have been obtained in good 
agreement with the data for EP Ag [4, 
5, 22]. For the Cd electrodes grown in 
a Teflon capillary, a reverse order of 
capacitance values has been reported [54, 
55]. This indicates that differently prepared 
Ag and Cd single crystals behave not 
only quantitatively but also qualitatively 
differently [4, 5]. 

2. 4. 3. 3 Data of Quantum-chemical 
Calculations 

Quantum-chemical calculations, molecu- 
lar dynamics (MD) simulations, and other 
model approaches have been used to de- 
scribe the state of water on the surface of 
metals. The decrease in <J> at the surface of 
Ag(110) has been successfully reproduced 
by a jellium/point dipole model by assum- 
ing a disordered water structure at the 
interface [75]. In the case of hydrophilic 
surfaces, the first layer (or two) of water is 
strongly oriented by the forces emanating 
from the surface, but the bulk structure is 
soon recovered in a few layers after some 
very disorganized layers (see also Chap. 2.3 
in Vol. 1). 

MD simulations have been used for 
H 2 0 at Pt(100) and Pt(lll), as well 
as at Ag(lll). The structure of water 
is predicted to conform to a hexagonal 
pattern and the metal-H 2 0 interaction is 
probably stronger for the (111) than for 
the (100) surface. However, on the basis 
of the extended Hiickel theory, different 
conclusions in favor of the (100) face have 
been made [5, 76, 77] (see also Chap. 2.3 
in Vol. 1). 

Water reorientation is usually predicted 
by theoretical models, but for Ag(lll), MD 
simulations do not confirm the noticeable 
increase in water population near a 


charged surface claimed by Toney et al. 
on the basis of surface X-ray scattering 
experiments, which proposed that H 2 0 
molecules are oriented with H toward 
a negatively charged surface [5, 77, 78]. 
This picture is not confirmed by far- 
IR spectroscopy results [79] according to 
which, although H 2 0 molecules change 
the orientation with charge, they always 
point O atom toward the surface. The 
importance of the presence of other 
molecules for the interaction of a water 
molecule with a metal surface is seen 
clearly in calculations. The adsorption 
energy calculated for H 2 0 on Hg is 
—32.2 kj mol -1 , which is less than that 
for hydrogen bonding, and therefore Hg 
behaves as a hydrophobic surface [80]. 

According to quantum-chemical calcula- 
tions, the metal-H 2 0 interaction has been 
proposed to be in the sequence Hg < 
Ag(100) < In < Cu(100) [81]. Compared 
to the experimental data, it appears 
that the positions of In and Ag(100) 
are exchanged. The complete neglect 
of differential overlap method predicts 
for any given metal a weaker inter- 
action on the more dense surface [40]. 
Thus, the predicted sequence is (111) < 
(100) < (110) for fee metals and (0001) < 
(1100) for hep metals. However, for the 
most compact surfaces, the calculated 
sequence is Hg < Ag(lll) < Cu(lll) « 
Zn(0001) < Au(lll) < Cd(0001). It is dif- 
ficult to accept that Zn can be less hy- 
drophilic than Au or Cd, and also that Au 
can be more reactive than Cu. More re- 
cent calculations gave the other order of 
metals: Ag < Au < Cu. This confirms the 
position of Cu, but Au still appears to be 
more reactive than Ag [5]. 

Thus, the data obtained are controver- 
sial on the whole, theoretical calculations 
provide only a general insight into the 
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problem of water-metal interactions prob- const. Under similar circumstances, A G° A 
ably because not all factors are appropri- i s only a function of G M -s, hence it is 
ately taken into account [5]. expected to be correlated with AX, as well 

as Q values. 

2. 4. 3. 4 Adsorption of Organic Compounds Data in Fig. 15 show a nice linear corre- 
and Hydrophilicity of Electrode lation for various normal alcohols, with 

Adsorption at electrodes is considered to A(AG®), decreasing as AX increases 
be a solvent replacement reaction: B (sol) + (A(A G®) is the difference between the 
«H20(ad) B(ad) + «H20(sol), where B Gibbs energy of adsorption of an organic 
is an adsorbing substance replacing n wa- compound at a metal-electrolyte interface, 
ter molecules on the electrode surface [1, AG® , and the increase of Gibbs energy 
4, 5, 71, 72]. Adsorption will affect the of organic compound adsorption, caused 
PZC since water dipoles are replaced by by the addition of electrolyte into the so- 
adsorbate dipoles. On the other hand, the lution, AG® ol (A(AG® ) = AG® — AG® ol ). 
Gibbs energy of adsorption for a given Thus the more hydrophilic metals (or 
adsorbate B can be divided into several con- faces) adsorb less. However, there are two 
tributions: AG® = Gm-b-Gb-s-Gm-s. aspects: (1) The slope of the correlation 
where S stands for solvent and G is the depends marginally on the nature of the 
bond strength. If the same adsorbate is adsorbate, that is, it is a property of the 
studied on different metals in the same sol- adsorbed layer structure. (2) The correla- 
vent, then Gb-s ^ const. Furthermore, if tion is valid for both PC and single-crystal 
only physical adsorption occurs, Gm-b ^ electrodes, which suggests that common 



AX 

[V] 


Fig. 15 Dependences of the difference A(AG°) for various alcohols on the interfacial 
parameter AX for various metals. The number of each plot is equal to the number of carbon 
atoms of given aliphatic compound (updated from Refs. [5, 71]). A(AG^) = AG° — AG° o | 
where AG° is the Gibbs energy of adsorption of an organic compound at a metal-electrolyte 
interface and AG° o | is the increase of Gibbs energy of organic compound adsorption, caused by 
the addition of electrolyte into the solution. 
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Fig. 16 Dependence of the difference A(AG^) for cyclohexanole adsorption on the thickness of 
inner layer at a = 0 in the solution of surface-inactive electrolyte for various electrodes: 1 , 
Sb(lll); 2, Bi(lll); 3, Sb(2l!); 4, PC-Bi; 5, Bi(101); 6, Sb(001); 7, Bi (211); 8, Bi(Oll); 9, Bi(OOl); 
10, Pb(001); 11, Pb(l 1 0); 12, Hg; 13, PC-Pb; 14, Sn(001); 15, Pb(lll); 16, PC-Cd; 17, Cd(0001); 
18, Cd(1010); 19, Cd(l 120); 20, Zn(0001); 21, Zn(1010); 22, Zn(l 120) (updated from Ref. [71]). 


factors are behind this phenomenon. AX 
and water-metal interaction strength are 
parallel, and these data confirm the hy- 
drophilicity sequence Hg < Au < Ag and 
the crystal-face sequence for fee metals 
(111) < (100) < (110). Therefore the hy- 
drophilicity scales of Popov et al., Silva 
et al., and Valette cannot be sustained on 
the basis of sound experimental and theo- 
retical arguments [5]. 

This order of metals is in good agree- 
ment with the data in Fig. 16, where the 
dependence of A( AG^) on the inner-layer 
thickness is presented. To the first approx- 
imation, this plot can be considered linear 
and the adsorption activity of organic com- 
pound at the electrode -solution interface 
decreases as the thickness of double layer 
decreases, thus as the hydrophilicity of 
electrode increases [71]. Data for Bi(lll) 
and Sb(lll) planes show a noticeable 


deviation from the general plot, which is 
mainly caused by the more pronounced in- 
fluence of the capacitance of metal phase of 
these electrodes in comparison with other 
Bi and Sb single-crystal planes. 
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2 . 5.1 

Introduction 

Electric double layers are studied by a 
variety of methods. These methods give 
information about different properties of 
the double layer. One method to study 
the properties of electric double layers is 
surface force measurements. They directly 
inform about the distance dependency 
of the potential and ion concentration. 
In addition, surface force measurements 
allow determining the surface charge or 
potential. A brief introduction to surface 
force measurements is given in the second 
chapter. 

With the introduction of the atomic force 
microscope (AFM), the measurement of 
surface forces was greatly facilitated. The 
AFM was invented in 1986 by Binnig, 
Quate, and Gerber [1]. It has become one 
of the major tools to analyze surfaces. 
Usually the AFM is used to image the 
topography of surface (Fig. 1). This can 
be done in vacuum, gaseous, or liquid 
environment. For imaging, the sample is 
scanned underneath a tip, also called a 
“probe,” which is mounted to a cantilever 
spring. The sample is scanned by a 
piezoelectric translator. While scanning, 
the force between the tip and the sample 
is measured by monitoring the deflection 
of the cantilever. A topographic image 
of the sample is obtained by plotting 
the deflection of the cantilever versus its 
position on the sample. Alternatively, it is 
possible to plot the height position of the 


piezo translator. This height is controlled 
by a feedback loop that maintains a 
constant force between tip and sample. 

Image contrast arises because the force 
between tip and sample is a function 
of both tip-sample separation and the 
material properties of the tip and the 
sample. To date, in most applications 
the AFM was used to image surface 
topography in the contact mode. Then, 
image contrast is obtained from the very 
short-range repulsion that occurs when 
the electron orbitals of tip and sample 
overlap (Born repulsion). However, further 
interactions between tip and sample can 
be used to investigate material properties 
on a nanometer scale. 

Soon after the invention of the AFM, 
it was realized that by taking force- 
versus-distance measurements, valuable 
information about the surfaces could be 
obtained [2, 3]. These measurements are 
usually known as “force measurements.” 
The technique of force measurements 
with the AFM is described in detail in 
the third chapter. Force measurements 
with the AFM were first driven by the 
need to reduce the total force between 
tip and sample in order to be able to 
image fragile, biological structures [4, 5]. 
Therefore it was obligatory to understand 
the different components of the force. 
In addition, microscopists tried to un- 
derstand the contrast mechanism of the 
AFM to interpret images correctly. Nowa- 
days most force measurements are done 
by surface scientists, electrochemists, or 
colloidal chemists who are interested in 
surface forces per se. Excellent short [6] 
or comprehensive [7] reviews about sur- 
face force measurements with the AFM 
have appeared. Also an older review about 
surface force measurements in aqueous 
electrolyte exists [8]. This overview focuses 
on electrostatic double-layer forces. 
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Photosensor Light beam 



Fig. 1 Schematic drawing of an 
atomic force microscope. 


First measurements of the electrostatic 
double-layer force with the AFM were 
done in 1991 [9, 10]. The electrostatic 
double layer depends on the surface charge 
density (or the surface potential) and the 
ionic strength. A brief introduction to the 
theory of the electrostatic force is given 
in Chap. 4. The electrostatic double-layer 
force is in many cases responsible for 
the stabilization of dispersions. An AFM 
experiment can be regarded as directly 
probing the interaction between a sample 
surface and a colloidal particle (or the AFM 
tip). Since the AFM tip is relatively small, 
this interaction can be probed locally. The 
lateral spacial resolution can be of the order 
of few nanometers. 

2.5.2 

Surface Forces in Aqueous Electrolyte 

2. 5. 2.1 DLVO Forces 

At the end of the 19th century, it was 
well known that many colloids in aque- 
ous medium coagulate after the addition 
of salt. It was even known that di- or 
trivalent ions are much more efficient in 
destabilizing dispersions than monovalent 
ions [11]. The explanation for this behavior 
was eventually given in a quantitative way 


with the DLVO theory, named after Der- 
jaguin, Landau, Verwey, and Overbeek [12, 
13], The DLVO theory uses a similar ap- 
proach as in the Gouy-Chapman (GC) [14, 
15] and Debye-Hiickel [16] models of the 
electric double layer. To explain the coagu- 
lation of sols after the addition of salts, the 
DLVO theory takes explicitly into account 
the interaction between colloidal particles. 
The interaction is assumed to consist of 
two contributions: the van der Waals at- 
traction and an electrostatic double-layer 
repulsion. At low salt concentration, the 
repulsion is strong enough to keep the 
colloidal particles apart. With increasing 
salt concentration, the electrostatic repul- 
sion is more and more screened, and at a 
certain concentration, the van der Waals 
attraction overcomes the repulsive electro- 
static barrier and coagulation sets in. 

Van der Waals forces arise from cor- 
relations between time-dependent dipoles 
in atoms or molecules (for a review see 
Refs. [17-19]). The time dependence oc- 
curs either because a permanent dipole is 
changing its orientation in space or be- 
cause the dipole itself is changing with 
time. The dominant term in the van 
der Waals force is usually the second 
frequency-dependent term, also known as 
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the dispersion force. Since all materials 
are polarizable, a van der Waals force oc- 
curs between all atoms and all surfaces. 
The force between two atoms is relatively 
weak and short-ranged, decreasing pro- 
portional to D~ 7 for small separations 
and D~ & for larger separations where the 
force is “retarded” owing to weaker corre- 
lations between the atoms. Calculation of 
the forces in many atom systems is com- 
plex because the forces between individual 
atoms are not additive, and the modern 
treatment of van der Waals forces, known 
as Lifshitz theory, is a combination of 
quantum electrodynamic theory and spec- 
troscopic data [20]. Fortunately, assuming 
additivity is a reasonable approximation in 
many cases, some simple equations can be 
derived. 

The electrostatic double-layer force is the 
other contribution to the DLVO force. This 
force arises because of surface charges 
at interfaces. Water has a high dielectric 
constant. Thus, surface dissociation or 
adsorption of a charged species in water 
is very common. The surface charge is 
balanced by dissolved counterions that 
are attracted back to the surface by the 
electric field, but spread away from the 
surface to increase the entropy. Together 
the ions and charged surface are known 
as the electric double layer. When another 
surface approaches, the double layer is 
perturbed, and the resulting force is 
known as the double-layer force. When 
the approaching surface charges have 
the same sign, the concentration of ions 
between the surfaces always increases and 
results in a repulsive force. The origin of 
the surface charge is dissociation, so for 
finite dissociation constants, the surface 
charge is influenced by the interaction 
with another surface. This phenomenon is 
called charge regulation, and results in less 
repulsive forces, or even attractive forces, if 


one of the surface charges is reversed. For a 
more complete description of double-layer 
forces see Refs. [18, 19]. 

2. 5. 2. 2 Early Surface Force Measurements 

The development of the DLVO theory 
stimulated an interest in measuring forces 
between the surfaces to verify the theory 
(review Ref. [21], see also Ref. [22]). One 
of the earliest direct force measurements 
were made between two polished glass 
bodies [23, 24]. One glass body was fixed, 
the other was mounted to a spring. The 
distance between the two glass surfaces 
and the deflection of the spring were 
measured. Multiplication of the deflection 
with the spring constant gave the force. 
Using these simple early devices and 
after overcoming severe problems, it 
was possible to verify the theoretically 
predicted van der Waals force for glass 
interacting with glass across gaseous 
medium [25, 26]. Derjaguin, Rabinovich, 
and Churaev measured the force between 
two thin metal wires. In this way they 
could determine the van der Waals force 
for metals [27]. 

In these early measurements two prob- 
lems became obvious: the minimal dis- 
tance accessible («20 nm) was rather lim- 
ited and experiments could not be done 
in liquid environment. In more recent 
experiments these problems could be over- 
come and the minimal distance could 
be decreased to «s2 nm with improved 
devices [28, 29]. Historically, however, im- 
provements were made by using other 
types of devices. 

One inherent problem of all techniques 
to measure surface forces directly is 
surface roughness. The surface rough- 
ness over the interacting areas limits 
the distance resolution and the accu- 
racy of how well zero distance (contact) 
is defined. Practically, zero distance is 
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the distance of closest approach because 
if a protrusion is sticking out of one 
surface, the other surface cannot ap- 
proach any further. Two methods can 
be used to reduce this problem of sur- 
face roughness: either atomically smooth 
surfaces are chosen or the interacting 
areas are reduced. The first approach 
was chosen with the development of 
the surface forces apparatus (SFA) and 
the measurement and analysis of surface 
interaction forces (MASIF), while the ad- 
vantages of the AFM are small interacting 
areas. 

2. 5. 2. 3 The Surface Forces Apparatus 

The development of the SFA (Fig. 2) was 
a big step forward because it allowed 
to measure directly the force law in liq- 
uids and vapors at angstrom resolution 


level [30-32], The SFA contains two 
crossed atomically smooth mica cylin- 
ders of approximately 1 cm radius between 
which the interaction forces are measured. 
One mica cylinder is mounted to a piezo- 
electric translator. With this translator, the 
distance is adjusted. The other mica sur- 
face is mounted to a spring of known and 
adjustable spring constant. The separation 
between the two surfaces is measured by 
means of an optical technique using mul- 
tiple beam interference fringes. Knowing 
the position of one cylinder and the separa- 
tion to the surface of the second cylinder, 
the deflection of the spring and the force 
can be calculated. 

With the SFA, the main predictions of 
the DLVO theory were verified. In par- 
ticular the electrostatic double-layer force 
was analyzed for different salts and under 



white light 

Fig. 2 Apparatus to measure surface forces between two mica surfaces (SFA). 
(The figure is reproduced with kind permission from J. Klein [33].) This 
particular device was built to study the behavior of liquid crystals confined in the 
narrow gap between the mica surfaces. 
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different conditions. Also, limits of the 
DLVO theory became obvious. The DLVO 
theory treats the intervening medium as 
continuous, so it is not surprising that 
the model breaks down when the liquid 
medium between two surfaces is only few 
molecular diameters in width. At high salt 
concentrations and small separations, an 
additional monotonic repulsive force of 
about 1 to 3 nm range was detected in 
aqueous electrolyte [34]. It has been at- 
tributed to the energy required to remove 
the water of hydration from the sur- 
face, or the surface-adsorbed species (sec- 
ondary hydration), presumably because of 
strong charge-dipole, dipole-dipole or 
H-bonding interactions. Because of the 
correlation with the low (or negative) en- 
ergy of wetting of these solids with water, 
it was termed hydration force [35-38]). 

2. 5. 2. 4 The Osmotic Stress Method 

In parallel, another important (although 
less direct) technique for measuring forces 
between macromolecules or lipid bilay- 
ers was developed, namely, the osmotic 
stress method [39-41], A dispersion of 
vesicles or macromolecules is equilibrated 
with a reservoir solution containing wa- 
ter and other small solutes, which can 
freely exchange with the dispersion phase. 
The reservoir also contains a polymer 
that cannot diffuse into the dispersion. 
The polymer concentration determines 
the osmotic stress acting on the disper- 
sion. The spacing between the macro- 
molecules or vesicles is measured by 
X-ray diffraction (XRD). In this way, one 
obtains pressure-versus-distance curves. 
The osmotic stress method is used to 
measure interactions between lipid bilay- 
ers, DNA, polysaccharides, proteins, and 
other macromolecules [36], It was particu- 
larly successful in studying the hydration 


force between lipid bilayers and biological 
macromolecules . 

2. 5. 2. 5 The Bimorph Surface Force 
Apparatus 

Despite the new insights achieved with 
the SFA, there are also severe problems 
and limits. It is difficult and slow to oper- 
ate, only mica and few other materials [42, 
43] provide suitable substrates, elastic de- 
formation has to be taken into account. 
With the invention of a bimorph surface 
force apparatus, known as MASIF, some 
of these limitations could be overcome [44, 
45] . In this case the force between two glass 
or polymer spheres of typically few mil- 
limeter diameter is measured. One sphere 
is therefore attached to a piezoelectric bi- 
morph that serves as a force sensor. 

With the MASIF, the existence of an- 
other force component, namely, the hy- 
drophobic force [46], which is not de- 
scribed by the DLVO theory and which 
was already observed with the SFA [47], 
was confirmed. The hydrophobic force is a 
monotonic attractive force of longer range 
(100 nm) and greater magnitude than van 
der Waals forces. These occur in aqueous 
medium between surfaces that generally 
exhibit high water contact angles (e.g. 
hydrocarbon and fluorocarbon surfaces). 
At present there is no clear understand- 
ing of the mechanism of these forces. It 
is easy to conceive of a negative hydra- 
tion force, for example, the disruption of 
water FI -bonding near a noninteracting 
surface, with a similar range as the hy- 
dration force. However, it is difficult to 
conceive of one with the long measured 
range. At present the focus of understand- 
ing these long-ranged forces is on the role 
of dissolved gas. 

Even with the MASIF, a severe limit re- 
mained: that of surface roughness. Glass 
and, in particular, polymer surfaces are not 
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atomically smooth over areas of millimeter 
or even 10 pm diameter. This limit could 
be drastically reduced with the AFM. In 
the AFM the interacting areas are typically 
10 to 50 nm in diameter. Hence, all sam- 
ples whose surface is smooth, clean, and 
homogeneous over such small areas can 
be quantitatively analyzed. This increased 
the number of accessible materials enor- 
mously. 

Small interacting areas provide another 
principal advantage. When two solid sur- 
faces come into contact, the surfaces de- 
form. Even under zero load, the adhesion 
between two surfaces leads to the forma- 
tion of a contact area rather than a contact 
point. It also leads to an indentation of 
the two interacting surfaces. For a sphere 
and a flat planar surface (or two crossed 
cylinders), this central indentation S at neg- 
ligible load is proportional to 8 oc 1/r/E 2 , 
where R is the radius of the sphere and E 
is Youngs modulus [48, 49]. Using typical 
values for the SFA (R = 1 cm, E of mica 
«60 GPa [50]), the MASIF (R = 1 mm, E 
of silica »60 GPa), and the AFM (R = 
50 nm, E of silicon nitride «150 GPa), 
the estimated central indentations at zero 
loads are in the order of 14 nm, 6 nm, and 
0.1 nm, respectively. This was calculated 
with the theory of Johnson, Kendall and 
Roberts [48, 49] using a surface energy of 
y = 0.05 N m -1 in all the cases. Hence, 
in a usual AFM measurement, the elas- 
tic deformation can be neglected, while in 
SFA and MASIF experiments, deforma- 
tions have to be taken into account. 

2 . 5.3 

Force Measurements with the AFM 

2 . 5 . 3.1 The Practice of Force 
Measurements 

In a force measurement the sample is 
moved up and down by applying a voltage 


to the piezoelectric translator, onto which 
the sample is mounted, while measuring 
the cantilever deflection. The direct result 
of such a force measurement is the 
cantilever deflection, Az c , versus position 
of the piezo, A z p , normal to the surface 
(Fig. 3). To obtain a force-versus-distance 
curve, Az c and A z p have to be converted 
into force and distance. The force, F, is 
obtained by multiplying the deflection of 
the cantilever with its spring constant K : 
F = K ■ A z c - The tip-sample separation 
D is calculated by adding the deflection to 
the position. 

The deflection of the cantilever is 
usually measured using the optical lever 
technique. Therefore a beam from a laser 
diode is focused onto the end of the 
cantilever and the position of the reflected 
beam is monitored by a position sensitive 
detector (PSD). Often the back of the 
cantilever is covered with a thin gold 
layer to enhance its reflectivity. When a 
force is applied to the probe, the cantilever 
bends and the reflected light beam moves 
through an angle equal to twice the change 
of the end-slope tana. For a cantilever 
with a rectangular cross section of width 
w, length L, and thickness h, the change 
of the end-slope (Fig. 4) is given by 


E is the elastic modulus of the cantilever 
material. F is the force applied to the 
end of the cantilever in normal direction. 
The signal detected with the optical lever 
technique is proportional to the end-slope 
of the cantilever. The deflection of the 
cantilever is given by 

4TL 3 2 

4&= £rf = 3 ita ”" (2) 

Hence, the deflection is proportional to 
the signal. One should, however, keep in 
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Fig. 3 Schematic deflection-versus- 
piezo translator position curve (A z c 
versus Az c ). At large separation, no 
force acts between tip and sample (a). 
The cantilever is not deflected. When 
approaching the surface, it was 
assumed that a repulsive force is acting 
(b) and the cantilever is bent upwards. 
At a certain point, the tip often jumps 
onto the sample. This happens when 
the gradient of attractive forces, for 
example, the van der Waals forces, 
exceeds the spring constant of the 
cantilever. After the jump-in, the tip is in 
contact with the sample surface (c). 
When retracting the tip, often an 
adhesion force is observed (d) and the 
tip has to be pulled off the surface. The 
deflection -vers us-piezo translator 
position curve has to be transformed as 
described in the text to obtain a 
force-versus-distance curve 
(F versus D). 



Fig. 4 Schematic diagram of a 
cantilever with rectangular cross 
section. 



mind that these relations only hold under 
equilibrium condition. If the movement of 
the cantilever is significantly faster than 
that allowed by its resonance, frequency 
Eqs. (1) and (2) are not valid anymore and 
the signal is not necessarily proportional 
to the deflection. 

The resolution of the optical lever tech- 
nique is approximately 10 -13 /V ? [102], 


with t being the time for measuring a pixel 
of the force curve in seconds. The result 
is in meter. With typically t = 0.1 ms, the 
deflection resolution is 0.1 A. In practice 
the deflection sensitivity is often limited 
by thermal cantilever vibrations, which are 
y/Ak h T /IK [103], Here, k B and T are the 
Boltzmann constant and the absolute tem- 
perature, respectively. With typical spring 
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constants between 0.01 to 1 N m _1 , the 
amplitude of thermal noise is between 7 to 
0.7 A at room temperature. 


2. 5. 3. 2 The Cantilever 

An important property is the spring con- 
stant of the cantilever K. The spring 
constant can in principal be calculated 
from the material properties and dimen- 
sions of the cantilever. For a cantilever with 
rectangular cross section, it is 


F Ewh 3 
A^ ~ 4L 3 


(3) 


The cantilever is in fact a key element of 
the AFM and its mechanical properties are 
largely responsible for its performance. A 
good cantilever should have a high sensi- 
tivity. High sensitivity in Az c is achieved 
with low spring constants or low ratio h /L. 
Hence, in order to have a large deflection at 
small force, cantilevers should be long and 
thin. In addition, the design of a suitable 
cantilever is influenced by other factors: 


resonance frequency is also important 
to be able to scan fast because the 
resonance frequency limits the time 
resolution [104, 105]. In liquids the 
resonance frequency is reduced by 
a typical factor 3 to 6 because of 
the liquid that is dragged with the 
cantilever [105-107]. 

• Cantilevers have different top and bot- 
tom faces. The top portion is usually 
coated with a layer of gold to in- 
crease its reflectivity. Therefore, any 
temperature change leads to a bend- 
ing of the cantilever as in a bimetal. In 
addition, adsorption of substances or 
electrochemical reactions in liquid en- 
vironment slightly change the surface 
stress of the two faces. These changes 
in surface stress are in general not the 
same on the bottom and the top. Any 
difference in surface stress Acr will lead 
to a bending of the cantilever [108, 109] 


A z c 


4L 2 Acr 

Eh 2 


( 5 ) 


• With the optical lever technique, deflec- 
tions down to 0.1 A can be detected. It is 
useless to make cantilevers so soft that 
thermal fluctuations exceed this value 
by more than, say, a factor 10. Hence, 
the lowest useful spring constant is in 
the order of 0.02 to 0.1 N m _1 at room 
temperature. 

• External vibrations, such as vibrations 
of the building, the table, or the 
noises that are usually in the low- 
frequency regime, are less transmitted 
to the cantilever, when the resonance 
frequency of the cantilever [104, 105] 



(p is the density of the cantilever 
material) is as high as possible. A high 


Practically, these changes in surface 
stress lead to an unpredictable drift of 
the cantilever deflection that disturbs 
force measurements. To reduce drift, 
the ratio h /L should be high. 

Hence, the optimal design of a cantilever 
is a compromise between different fac- 
tors. Depending on the application, the 
appropriate dimensions and materials are 
chosen. Cantilevers for AFMs are usually 
“V” shaped to increase their lateral stiff- 
ness. They are typically 100 to 200 pm 
long (L), each arm is about 20 pm wide 
(w) and 0.5 pm thick (h). The spring con- 
stant of “V”-shaped cantilevers is often 
approximated by that of a rectangular bar 
of twice the width of each arm [104]. A 
more detailed analysis of the mechanical 
properties of cantilevers and calculations 



2.5 Analyzing Electric Double Layers with the Atomic Force Microscope 


233 


of spring constants are given in Refs. [105, 
110-113], 

In principle, the spring constant can 
be calculated. The thickness and modulus 
of elasticity of cantilevers are, however, 
not easy to determine, so it is desir- 
able to measure spring constants. Several 
methods have been described [105, 114, 
115] but none appears to be simple, re- 
liable, and precise at the same time. 
In the most common methods, tung- 
sten or gold beads are attached to the 
end of the cantilever spring. The spring 
constant can be calculated by measur- 
ing a change in the resonant frequency 
due to the additional mass at the end 
of the spring [116]. Torii and coworkers 
determine the spring constant of micro- 
fabricated cantilevers by pressing them 
against a calibrated macroscopic reference 
cantilever [117]. Sader and coworkers de- 
termined the spring constant of cantilevers 
with a rectangular cross section from the 
resonance frequency and the quality fac- 
tor [1 18]. Another promising approach is to 
use thermal cantilever noise to determine 
the spring constant [119]. 


2. 5. 3. 3 The Probe: Tip or Colloidal Particle 

In the AFM, the two interacting surfaces 
are the planar sample surface and the 
surface of the AFM probe. For microscopy 
the most commonly used probes are the 
sharp microfabricated silicon nitride or 
silicon tips that provide a high lateral 
resolution. These probes also provide high 
resolution when measuring surface forces, 
but introduce the problem that the surface 
geometry is difficult to determine in 
the 10-nm regime [120-122]. This would, 
however, be necessary since typical radii of 
curvature are from 5 to 60 nm. In addition, 
the surface chemistry of silicon nitride tips, 
which are most frequently used for force 
measurements, is rather complex [51, 52, 
123, 124], 

Alternatively, spherical particles of typ- 
ically 2 to 20 pm diameter are attached 
to the end of cantilevers. This can be 
achieved either by gluing them with a 
water-resistant polymer glue [9, 10] or by 
melting [97] or sintering them onto the 
cantilever (Fig. 5) . With particles of defined 
radius, the force can be analyzed more 
quantitatively. In particular, the surface 



(a) 3 pm (b) 3 pm 

Fig. 5 Scanning electron micrographs of a silica microsphere glued with polymer glue to 
the end of a silicon nitride cantilever (a). The polystyrene particle shown to the right was 
sintered at 1 20 °C to the cantilever (b). 
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charge and den Hamaker constant can 
be extracted. The number of materials 
that can be brought into the shape of 
microspheres with sufficient smoothness 
is, however, limited. Most frequently, sil- 
ica microspheres are used. Silica spheres 
can be made with different diameters. 
They have a low surface roughness of 
less than 1 A (as determined by AFM) 
and their surface chemistry is well known. 
Different kinds of polymer particles are 
commercially available. They are, how- 
ever, much rougher than silica. Their 
roughness can be decreased by anneal- 
ing roughly at the glass transition tem- 
perature. Still, the surface roughness is 
significantly higher than silica. Zirconia 
microspheres were produced by annealing 
zirconia powder [83]. 

While the preceding paragraph concen- 
trated on the importance of knowing the 
geometry of the tip, it is equally impor- 
tant to know the geometry of the sample. 
Again, the most convenient geometry is a 
smooth sphere or a planar surface. Prob- 
lems due to sample roughness are greatly 
reduced in the AFM compared to other 
surface force techniques since the sample 
needs only to be smooth on a scale com- 
parable to the radius of curvature at the 
end of the tip. Several materials such as 
mica, oxidized silicon, graphite (HOPG), 
M 0 S 2 , and so on are available with suffi- 
cient smoothness over the required areas 
(Table 1). In addition, the surface of many 
materials can be smoothed by template 
stripping. Therefore the material, say a 
polymer, is melted on a smooth sur- 
face [76]. This can be a mica or a silicon 
wafer surface. After cooling and right be- 
fore an experiment, the surface is peeled 
off and the freshly exposed polymer sur- 
face is used for the force measurement. 
The same technique can also be used for 


gold or other materials that can be sput- 
tered or evaporated [125, 126]. First, the 
material is deposited onto mica. Then, a 
steel plate is glued on top. Finally, the 
steel plate with the deposited material is 
cleaved off the mica surface. Since mica 
is extremely inert, chances are high that 
cleavage really happens at the mica sur- 
face. The surface of the deposited material 
now exposed can then be used in a force 
experiment. 

2. 5. 3. 4 An Instability: The Jump-in 

Implicit in the measurement of surface 
forces with a “spring force” is the as- 
sumption that the two are equal and 
opposite and thus the spring is not in 
motion. However, close above the sur- 
face, the spring often cannot provide 
a sufficient force to counterbalance the 
surface force. These regimes are charac- 
terized by rapid motion of the cantilever, 
and cause difficulty for determining sur- 
face forces. The onset of this unstable 
regime (“jump-in”) is characterized by 
the point at which the gradient of the 
attractive force exceeds the spring con- 
stant plus the gradient of the repulsive 
force [127]. Several techniques have been 
employed to access the unstable regime: 
(1) the application of a force feedback 
(electric or magnetic) to balance the sur- 
face force [33, 128-131]; (2) measurement 
of the time-dependent force and dis- 
placement in the unstable regime, then 
calculation of the velocity and accelera- 
tion to yield the surface force according 
to Newton’s equation of motion [132]; 
(3) use a high approaching speed so that 
the hydrodynamic drag Ah, which for a 
sphere approaching a flat with a veloc- 
ity v increases with decreasing distance 
as Tfl = <3TzrivR 2 /D (r) is the viscosity 
of the liquid) [133], compensates for the 
attraction [134]. 
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Tab. 1 Measurements of electrostatic double-layer forces with the AFM 


Probe 

Sample 

Refs. 

Silicon nitride tip 

Silicon nitride 

51, 52 

Silicon nitride tip 

Mica 

4, 10, 51 

Silicon nitride tip 

Si0 2 

53 

Silicon nitride tip 

ai 2 o 3 

54 

Silicon nitride tip 

Graphite 

55 

Silicon nitride tip 

PEEK 

56 

Silicon nitride tip 

LB film 

57 

Silicon nitride tip 

Silane monolayer on Si0 2 

58 

Silicon nitride tip 

Lipid bilayer 

59, 60 

Silicon nitride tip 

Purple membrane 

54, 61, 62 

Silicon nitride tip 

Oocysts 

63 

Si0 2 sphere 

Si0 2 

9, 52, 64-69 

Si0 2 sphere 

Mica 

68, 70 

Si0 2 sphere 

ai 2 o 3 

71, 72 

Si0 2 sphere 

Ti0 2 

73, 74 

Si0 2 sphere 

Carbon 

75 

Si0 2 sphere 

Polypropylene 

76, 77 

Si0 2 sphere 

Ultrafiltration membrane 

78 

Glass sphere 

Si0 2 

10, 79 

Amine-modified glass sphere 

Amine-modified glass 

80 

LB film on glass sphere 

LB film on glass 

81 

AI 2 C >3 particle 

Mica 

10 

Ti0 2 particle 

Ti0 2 

82 

Zr0 2 sphere 

Zr0 2 

83-85 

ZnS sphere 

Mica 

86 

ZnS sphere 

PbS 

87 

ZnS sphere 

ZnS sphere 

88 

Gold sphere 

Gold 

64, 89-93 

Thiol monolayer on gold-coated tip 

Thiol monolayer on gold sample 

94-96 (review) 

Polystyrene sphere 

Polystyrene 

97, 98 

Polystyrene sphere 

Mica 

98 

Protein-coated probe 

Protein-coated sample 

99, 1 00 

Bacteria-coated tip 

Mica/glass 

101 


Note: AFM measurements of electrostatic double-layer forces in aqueous electrolyte. Force 
measurements between surfactant layers are not included. They are discussed in the text. PEEK: 
Poly(etheretherketone); LB film: Langmuir-Blodgett film. 


Another instability occurs when tip or 
sample surfaces are not perfectly rigid but 
are deformed by the tip. For that case of 
elastic deformation, Pethica and Sutton 
showed that at sufficiently small separa- 
tions, typically 1 to 2 A, the tip and the 
sample would jump together, irrespective 
of apparatus construction [135]. A similar 


jump occurs for nonelastic deformation. 
In this case the jump depends on the rate 
of the plastic deformation [136]. 

2. 5. 3. 5 AFM-related Techniques 

Commercial AFMs are made for imaging. 
For force measurements, certain features, 
such as the lateral scanning capability and 
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the feedback electronic that regulates the 
height, are not required. Hence, if one 
plans to use the device solely for force mea- 
surements, it is significantly less expensive 
to build homemade setups [137-139]. In 
addition, some features of commercial 
AFMs are not perfectly suited for measur- 
ing force curves. One such feature is the 
split photodiode, which has an extremely 
high sensitivity but a limited dynamic 
range. In addition, the sensitivity depends 
on the precise shape of the reflex and the 
AFM needs to be calibrated for each ex- 
periment [140]. These disadvantages were 
overcome in some homebuilt devices by re- 
placing the spilt photodiode with a linear 
position-sensitive device [132, 141]. With 
position-sensitive devices, the accessible 
force range is highly increased. This is 
particularly important when measuring 
long-range forces during the approach and 
the adhesion force during the retraction 
in one experiment. With microfabricated 
tips, long-range forces in aqueous elec- 
trolyte are of the order of 0.1 to 1 nN. 
Adhesion forces can be 100 times higher. 
To have a sufficient sensitivity as well as 
the capability to measure the strong ad- 
hesion force, a position-sensitive device is 
necessary. 

The position of the sample is adjusted by 
the piezoelectric translator. Piezoelectric 
crystals show creep and hysteresis, which 
affect the accuracy of the distance determi- 
nation [142]. One possibility to overcome 
this problem is to use piezoelectric trans- 
lators with integrated capacitative position 
sensors, which are commercially avail- 
able [143]. In the same setup, another 
deficit of commercial AFMs was overcome. 
Standard fluid cells of commercial AFMs 
are small and manually difficult to access. 
In addition, they consist of different ma- 
terials (glass, steel, silicon, etc.) that are 
difficult to clean. In self-made devices the 


fluid cell can be made of one or few mate- 
rials (such as Teflon and quartz) that can 
be cleaned thoroughly, for example, with 
hot sulfuric or nitric acid. 


2.5.4 

Theory of Measuring Surface Forces with 
the AFM in Aqueous Electrolyte 


2. 5. 4.1 Derjaguins Approximation 

The force between two surfaces depends 
on both the material properties and the 
geometry of the surfaces. Derjaguin [144] 
approximated the influence of arbitrary 
geometry on the interaction potential 
V(D)by reducing it to the simple geometry 
of two flat surfaces: 

/*oo 

V(D)= / V A (z)dA (6) 

V (D) is the interaction potential that 
depends on the distance between the in- 
teracting surfaces D. V A (z) is the potential 
energy per unit area between two flat sur- 
faces that are separated by a distance z. 
dA is the increase of the cross-sectional 
area of the two surfaces with increasing 
separation distance. 

According to Eq. (6), the fundamental 
property of the material is the interaction 
energy, V a, (or force, F A = — dV A /dz) per 
unit area. The most useful measurement 
is the one between two surfaces of known 
geometry, so that V A can be determined 
and thus the interaction energy of all 
geometries can be calculated. 

The problems of unknown surface 
geometry and chemistry can partly be 
solved by attaching smooth micrometer- 
sized spheres to the cantilever. For a 
sphere of radius R, and a flat, a simple 
equation relates the measured force, F, to 
the interaction energy per unit area, V A : 


V A (D) = 


F(D) 
2i t R 


(7) 



2.5 Analyzing Electric Double Layers with the Atomic Force Microscope 


237 


From this relationship, it can also be seen 
that a larger radius results in a higher 
force, and thus greater sensitivity in V a- 
Naturally, this increase in V a sensitivity 
comes at the expense of reduced lateral 
resolution. Another advantage of using 
spheres as probes is the possibility to make 
a variety of probes by attaching particles 
of different chemical composition to the 
cantilevers. Relation (7) is derived from 
Eq. (6) by assuming a parabolic shape 
of the probe. It can also be used for 
microfabricated tips since they often show 
a roughly parabolic shape. In this case, R is 
the radius of curvature of the tip at its end. 

2. 5. 4. 2 The Electrostatic Double-layer 
Force 

When two charged surfaces approach each 
other at some point, the electric double 
layers start to overlap and a force, also 
called disjoining pressure, begins to act [13, 
145]. This electrostatic double-layer force 
decays roughly exponentially. When the 
surface potentials of both surfaces are 
below approximately 25 to 50 mV, the force 
between a spherical tip and a flat sample 
can be approximated in an analytical 
form [146-149]: 

F d = 4 TZR ^ a 2 >-D e - D/lD (g) 
££0 

with the Debye length 

seok^T 

2«oo£ 2 

Here, eri and 02 are the surface charge 
densities of probe and sample, £0 is 
the permittivity of free space, e is the 
dielectric constant, e is the unit charge. 
The Debye length Ad is determined by 
the salt concentration; n ^ is the bulk 
concentration of a monovalent salt in 
molecules per volume. For more detailed 


calculations that are also valid at higher 
potentials and that explicitly take into 
accountthe geometry, see Refs. [150-154], 

The requirement of low potentials is 
not the only limit of Eq. (8). In ad- 
dition, Eq. (8) is restricted to distances 
roughly larger than the Debye length. For 
D < X d, boundary conditions influence 
the force. The force is calculated from 
the potential distribution between the two 
surfaces [18, 19]. In continuum theory the 
potential distribution is determined from 
the Poisson-Boltzmann equation, which 
is a second-order differential equation. 
To solve this equation, certain bound- 
ary conditions have to be assumed. Two 
boundary conditions are often used: ei- 
ther it is assumed that upon approach 
the surface charges remain constant (con- 
stant charge) or that the surface poten- 
tials remain constant (constant potential). 
These boundary conditions have a strong 
influence on the electrostatic force at dis- 
tances smaller than ko- Two surfaces with 
constant charge of equal sign always repel 
each other for D —*■ 0. Two surfaces with 
constant potential are attracted for D —*■ 0, 
even when the surface potentials have the 
same sign (except for the hypothetical case 
that the potentials are precisely equal in 
magnitude and sign) [155]. 

To demonstrate the effect of boundary 
conditions. Fig. 6 shows the force between 
a microsphere of 3-pm radius interacting 
with a flat surface versus distance. The 
force was calculated with the so-called 
nonlinear Poisson-Boltzmann equation, 
which is also valid for potentials above 
50 mV. A salt concentration of 1 mM 
was chosen resulting in a Debye length 
7 d = 9.6 nm. At close distances, the force 
calculated with constant charge bound- 
ary conditions is much higher than the 
force calculated assuming constant poten- 
tial. For D Ad, the force calculated with 
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Fig. 6 Electrostatic double-layer force acting on a sphere of 3-pm 
radius in water containing 1 mM monovalent salt. The force was 
calculated with the nonlinear Poisson-Boltzmann equation and 
the Derjaguin approximation for constant potentials ('Iq = 80 mV, 
Tq = 50 mV) and for constant surface charge (ay = 0.0058 C m“ 2 
= 0.036 e nm~ 2 , 02 = 0.0036 C m~ 2 = 0.023 e nm“ 2 ). The 
surface charge was adjusted by ai/2 = ££o'I'i/2Ad, so that a * l ar g e 
distances both lead to the same potential. In addition, the force 
expected with approximation (8) is plotted as a dotted line. 


constant charge and constant potentials 
are equal and surface charges and po- 
tentials tp can be converted according to 
ot /2 = eeo'hi/ 2 /^D- Also the force calcu- 
lated with approximation (8) is plotted. It 
lies between the two extreme cases. 

Which boundary condition is more real- 
istic depends on the materials used. In 
addition, the electrolyte and the speed 
of the approach might have an influ- 
ence. Prica and coworkers measured force 
curves between zirconia, which showed 
a constant charge behavior [84]. Also the 
force between two surfaces coated with 
densely packed carboxylic groups followed 
constant charge conditions [94]. In other 
cases, constant potential conditions are 
more appropriate. Most cases, however, 
lay between the two extremes. Then often, 
a charge regulation model is applied [156]. 


In this model the surface charge is caused 
by the dissociation of ions from surface 
groups. The dissociation constant and as a 
consequence, the surface charge depends 
on the potential. This also explains the 
often observed dependency of the surface 
charge on pH and the salt concentration. 
The charge regulation model is success- 
fully applied to many materials, especially 
those in which the surface charge is mainly 
determined by pH, such as oxides, sil- 
icon nitride [51, 52, 123, 124], mica [34, 
157-159], and biological materials. 

2. 5. 4. 3 Other Surface Forces in Aqueous 
Electrolyte 

With any surface force-measuring de- 
vice, the total force between two surfaces 
is determined. The origin of all surface 
forces is the interaction between electric 
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charges. Under normal circumstances it 
is practical, however, to separate the to- 
tal force into several components and take 
the components as being additive (for a 
critique see Ref. [160]). These components 
are the van der forces, the electrostatic 
double-layer force, the hydration repulsion 
(between hydrophilic surfaces) , and the hy- 
drophobic attraction (between hydropho- 
bic surfaces). To analyze the electrostatic 
double-layer force, one needs to separate it 
from all other components. This is usually 
done by assuming a certain distance de- 
pendency for the van der Waals force and 
the electrostatic force. In addition, it can 
be identified by the influence of salt. 

The van der Waals potential per unit area 
is given by 




H 

UtzD 1 


(9) 


Using Eq. (7), the force between a sphere 
interacting with a plane can be calculated: 

H R 

FvdW = ~6 D 2 (10) 

For D 10 nm, retardation effects have 
to be considered, and the force decays 
with D~ 2 instead of D~ 2 . H is the so- 
called Hamaker constant that depends on 
the dielectric properties of the interacting 
materials and the medium between. De- 
tailed calculations showed that Derjaguins 
approximation leads to errors that are usu- 
ally less than 10% [161]. For large distances 
the precise shape of the probe has to be 
considered [19, 162]. 

The van der Waals force is usually at- 
tractive. It is always attractive between two 
identical materials immersed in any third 
material. For hydrocarbons immersed in 
water, the Hamaker constant is about 
0.2 — 1 x 10 -20 J, for many oxides in wa- 
ter, it is 0.8 — 5 x 10 -20 J, and for metals 
in water, it is 30 — 40 x 10 -20 f. Great 


progress has been made during the last 
few years in calculating Hamaker con- 
stants from spectroscopic data. A list of 
Hamaker constants for different combina- 
tions of the three media involved is given 
in Refs. [163, 164]. There are some cases 
in which the van der Waals force is re- 
pulsive [165]. A repulsive van der Waals 
force was, for example, detected between 
a silicon nitride tip and a silicon oxide 
surface in diiodomethane [166]. Also the 
van der Waals interaction between many 
solids and vapors in water is often repul- 
sive and causes the adsorption of water to 
solid surfaces. 

Hydration forces [35-38] are relatively 
short-ranged, so that at salt concentra- 
tions below 0.1 M, they can easily be 
distinguished from the longer range elec- 
trostatic and van der Waals forces. They 
are repulsive and, except for the case 
of molecularly smooth surfaces and low 
salt concentrations where force oscillations 
were observed [167], decay exponentially 
with distance: 


V A = Ae~ D/x ° (11) 

Characteristic decay lengths ko deter- 
mined with the SFA, the osmotic stress 
method, or the AFM range from 0.2 to 
1.4 nm. Typical amplitudes are A = 10 -3 
to 10 J m -2 . In contrast to the electrostatic 
double-layer force, hydration forces tend 
to become stronger and longer ranged 
with increasing salt concentration, espe- 
cially for divalent cations. 

Hydrophobic forces occur between sur- 
faces that are hydrophobic and show a 
contact angle around 90° or higher. They 
are attractive and often lead to a jump-in 
at distances between 5 and 100 nm. They 
can easily be avoided by using hydrophilic 
probes. For contact angles below 70 to 
80°, they are usually much smaller then 
DLVO force and can be neglected [168]. 
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Microfabricated tips of silicon nitride or 
silicon oxide are naturally hydrophilic. One 
should, however, keep in mind that they 
might contaminate and as a result become 
hydrophobic. 

2.5.5 

AFM Force Measurements of the Electric 
Double Layer 

2. 5. 5.1 Between Solid Surfaces 

With the AFM, DLVO forces were mea- 
sured between several materials that are of 
interest especially in colloidal science, for 
example, glass, silica, and silicon nitride [4, 
9, 10, 51, 53, 64-69], gold [64, 89-91], 
zinc, and lead sulfide [86-88], titanium 
oxide [73, 74, 82], zirconia [83-85], alu- 
mina [10, 71, 72], different polymers [56, 
76, 77, 97, 98, 169-171], LB and 
other thin organic layers [57, 58, 94, 95, 
172], surfactant adsorbed to solid sur- 
faces [92, 173-175], biological membrane 


structures [54, 61, 62], adsorbed protein 
layers [99], or even whole cells [63, 101], In 
all cases the force could be well described 
by DLVO theory; independently measured 
surface potentials (or charge densities) and 
Hamaker constants agreed with AFM re- 
sults. Only at short separation below 1 
to 5 nm, differences occurred [10, 65, 79, 
176], particularly at high ionic strength. 
These are usually attributed to hydration 
forces. 

As one example, the force-versus- 
distance between a silica particle and a 
titania flat is shown in Fig. 7. Like in 
many publications, the force is scaled 
by division through the radius of the 
silica microsphere. According to Eq. (7), 
the scaled force, F/R, is equal to ItzVa- 
Force curves were recorded at different 
pH values ranging from pH 8.8 for the 
top curve to pH 3.0 for the bottom curve. 
The surface charges of both materials are 
mainly determined by the pH. Silica has 



Fig. 7 Force between a silica (SiC>2) microsphere of 2.5-pm radius 
and a titania (Ti02) crystal versus distance. The force is scaled by the 
radius of the sphere. The curves were recorded at pH values of 8.8, 
7.2, 6.3, 5.3, and 3.0 from top to bottom with 1 mM KNO3 
background electrolyte. (The figure is reproduced with kind 
permission from C. j. Drummond [73].) 
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an isoelectric point around pH 3.0, while 
the isoelectric point of titania is pH 5.6. 
As a consequence, at high pH, where 
both materials are negatively charged, an 
electrostatic repulsion is observed. The re- 
pulsion decreases as the pH decreases, 
and at pH 3.0, that is, below the isoelectric 
point of titania, there is an electrostatic 
attraction as well as a van der Waals force 
resulting in an overall attraction between 
the two surfaces. 

2. 5. 5. 2 High Surface Potentials 

With classical surface force-measuring 
techniques, it is impossible to analyze the 
electrostatic double layer at surface poten- 
tials significantly higher than 0.1 V. The 
reason is that high surface potentials can 
only be obtained by applying an external 
potential to a metallic or conducting sam- 
ple. All materials that are accessible to 
the SFA or MASIF are not conducting. 
Therefore it was a particular challenge to 
measure electrostatic double-layer forces 
at high surface potentials with the AFM. 

In first experiments, Ishino and cowork- 
ers [177] coated a microfabricated AFM tip 
with gold and used it as working elec- 
trode. They indeed observed a variation 
of the force with the applied potential 
when measuring the interaction between 
the gold-coated tip and a stearic acid 
monolayer. An electrostatic repulsion was 
observed at negative applied potentials 
and attractive forces were measured at 
positive potentials. Since the stearic acid 
monolayer was negatively charged, such a 
behavior is expected. 

A more convenient setup consists of 
a conducting sample, which serves as 
a working electrode, and an insulating 
probe. Raiteri and coworkers and Doppen- 
schmidt and coworkers [55, 178] measured 
the force between a gold, platinum, or 
graphite sample and a silicon nitride tip. 


Campbell and Hillier determined the force 
between a silica sphere as probe and 
carbon [75]. Figure 8 shows the result of 
Hillier and coworkers [179] who measured 
the force between a gold sample and a 
silica sphere attached to the end of a 
cantilever. Silica is negatively charged at 
the pH 5.5 used in these experiments. 
As expected, the silica microsphere is re- 
pelled at negative potentials of the gold. 
When changing the potential to more pos- 
itive values, the repulsion decreased and 
finally attractive forces were observed. For 
separations larger than 10 nm, the force 
curves could be described by DLVO theory. 
For smaller separations, measured force 
curves deviated significantly from calcu- 
lated force-versus-distance curves. Hillier 
and coworkers attribute this discrepancy 
to several factors: an overestimation of 
the Hamaker constant, the roughness of 
the two interacting surfaces, and hydration 
effects. 

Although the results of Hillier and 
coworkers qualitatively agree with results 
of Raiteri and coworkers [178] obtained 
with silicon nitride tips, there are also 
some discrepancies. First, the force ob- 
served between silica and gold changed 
almost linearly with the applied poten- 
tial in a range from —0.7 to +0.4 Vsce- 
Raiteri and coworkers observed a change 
of the force only in a narrow potential 
range of approximately 0.4 V. Above and 
below this voltage range, the force sat- 
urated. This saturation behavior is also 
predicted by DLVO theory. Second, Hillier 
and coworkers [179] always measured de- 
cay lengths that agreed with the calculated 
Debye length. Raiteri and coworkers ob- 
served the same for potentials that lead to 
a repulsive force. In the attractive regime, 
however, the decay length was significantly 
larger than the Debye length. These two 
questions are still open. 
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Fig. 8 Force between a silica sphere and gold electrode in an aqueous 
electrolyte solution of 1 mM KCI and pH 5.5 as a function of the applied 
potential at the gold electrode. The curves correspond to, from top to bottom, 
electrode potentials of —0.7, —0.5, —0.4, —0.3, —0.2, —0.1, 0, and +0.1 V 
(versus SCE). Inset: Force curves recorded in a 10 mM KCI solution. (The figure 
is reproduced with kind permission from A. C. Hillier [1 79].) 

Also, preliminary experiments are done 2. 5. 5. 3 Between Deformable Surfaces 
for the symmetric case of gold interacting While the electric double layer on a solid 
with gold [93]. Both gold surfaces were surface is relatively well understood and 
shortcut and served as working electrodes, theories are able to account for colloidal 
In this case a repulsion was observed at stability and coagulation kinetics quite 
high positive potentials and high negative well, there has been much less success in 
potentials. In between, around the point understanding the double-layer structure 
of zero charge, the repulsion was reduced, at liquid-liquid or liquid- gas interfaces. 
This behavior agrees with predictions of This is despite the fact that the stability of 
continuum theory. emulsions or dispersion of particles and 
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gas bubbles play a central role in many 
industrial processes such as flotation or the 
deinking of paper. With the AFM or with 
AFM-related setups, the electric double 
layers at such deformable interfaces can 
be analyzed. It is possible to measure 
the force between a solid microsphere 
and an oil drop (or another immiscible 
liquid) or a bubble in aqueous medium. 
These experiments are, however, more 
difficult to perform and to interpret. First, 
since the interface is deformable, it is 
difficult to determine zero distance. In 
principle, the shape of the interface can be 
calculated using the Laplace equation [180, 
181]. This is, however, not trivial and in 
many cases practically impossible. Second, 
the tip or particle can even penetrate into 
the bubble or oil drop. In this case, a 
three-phase contact line is formed and 
the capillary force completely dominates 
the interaction. Electrostatic double-layer 
forces can only be detected before a three- 
phase contact is formed. 

First experiments were done between 
differently treated silica particles and an 
air bubble [132]. As expected, they showed 
that a hydrophilic particle is repelled by 
an air bubble, while a hydrophobic par- 
ticle jumps into the bubble. These early 


Fig. 9 Decay lengths ofthe 
exponentially decaying component 
versus one over the square root ofthe 
salt concentration. The dashed line 
corresponds to the calculated Debye 
length. The figure summarizes results 
measurements with hydrophilic and 
hydrophobic silica microspheres in 
solutions with different concentrations 
ofSDS (sodium dodecylsulfate) or 
DTAB (from Ref. [143]). 


experiments were not very precise and 
the distance resolution was below 10 nm. 
The first precise experiments were done by 
Ducker and coworkers [182] who observed 
an electrostatic double-layer force that de- 
cayed with the expected Debye length. This 
observation that the electric double layer 
decays exponentially with the Debye length 
even at air-water interfaces was later con- 
firmed with devices that were equipped 
with capacitatively calibrated piezo trans- 
lators (Fig. 9). Ducker and coworkers de- 
tected, however, an unexpected attractive 
force between a presumably hydrophilic 
silica particle and a bubble. Fielden and 
coworkers confirmed that between hy- 
drophilic particles and air bubbles only 
repulsive forces are acting [183] and their 
experiments can be considered as the first 
accurate measurements. As expected from 
adsorption experiments, a hydrophilic par- 
ticle is repelled by an air bubble and a 
stable water film remains on the particle 
surface. The previously observed attrac- 
tion was probably due to contamination. 
In contrast, a hydrophobic particle imme- 
diately forms a three-phase contact and 
snaps into the bubble (or vice versa: the 
bubble engulfs the particle). Before con- 
tact, the electrostatic double-layer force 



[nm] 
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decaying with the Debye length could be 
observed in both cases. 

Ducker and coworkers [182] and Fielden 
and coworkers [183] performed their ex- 
periments with commercial AFMs. For 
routine measurements this is not conve- 
nient because the liquid cells of commer- 
cial instruments are small and difficult to 
access manually. In addition, a thorough 
cleaning procedure is hampered by the 
fact that the cell consists of many different 
materials. Therefore, Preuss and cowork- 
ers built their own device to measure the 
force between particles and bubbles [143, 
184-186]. With this device, the influence 
of different surfactants on the interaction 
of hydrophobic and hydrophilic particles 
with bubbles was studied. 

As one example, the force between 
a hydrophilic silica particle and an air 
bubble at different concentrations of dode- 
cyltrimethylammonium bromide (DTAB) 
is shown in Fig. 10. Without surfactant, 
the particle is repelled by the air bubble. 
At distances above 5 nm, the electro- 
static repulsion dominates. The reason 
being the negative surface charges on the 
silica surface and at the water- air inter- 
face [187-190]. Even at close distance, a 
stable water remains on the particle sur- 
face and no three-phase contact is formed. 
Adding even small amounts of the cationic 
surfactant DTAB changes the interac- 
tion drastically. At concentrations between 
0.1 mM and typically 5 mM DTAB (criti- 
cal micellar concentration is «16 mM), no 
repulsion was observed. When the parti- 
cle comes into contact with the air-water 
interface, it jumps into the bubble and a 
three-phase contact is formed. Such a be- 
havior can be explained with the strong 
adsorption of long-chain alkyltrimethy- 
lammonium ions to silica [191]. At a 
concentration of 0.1 mM, DTA + forms 
a monolayer on the silica surface. This 


reverses its surface charge from nega- 
tive to positive and it makes the surface 
hydrophobic. 

When increasing the DTAB concen- 
tration to 5.4 mM, a small electrostatic 
repulsion was observed before the jump- 
in. The repulsion was at least partly due 
to electrostatic repulsion since it decayed 
exponentially with the Debye length. The 
reason is probably that at DTAB concen- 
trations above 5 mM also, the air-water 
interface becomes positively charged be- 
cause of adsorbed DTAB. This leads to an 
electrostatic repulsion between the posi- 
tively charged air-water interface and the 
positively charged silica surface. Above 
approximately 6 mM DTAB, the jump-in 
disappeared and only repulsive force were 
observed. 

The interaction of a particle with an oil 
drop is relatively similar to that with an 
air bubble [192-194]. Both interfaces, the 
oil-water and the water-gas, are nega- 
tively charged around neutral pH. There- 
fore an electrostatic repulsion is observed 
when interacting with a silica particle. As 
expected from DLVO theory, this repulsion 
decays roughly exponentially with a decay 
length equal to the Debye length [195]. 

2. 5. 5. 4 Imaging Charge Distributions 

Besides measuring the distance depen- 
dency of a force, it is sometimes interesting 
to know how the force changes from 
one place on the sample to another. To 
obtain this lateral information, Senden, 
Drummond, and Kelcicheff [196] imaged a 
silicon nitride surface at low force. When 
imaging at very low forces (about 0.1 nN), 
the tip did not touch the surface because 
electrostatic repulsion kept the tip sev- 
eral nanometers above the surface. The tip 
“rode” on top of the double layer. In this 
way a constant electrostatic force image is 
obtained. When increasing the force, the 




Fig. 10 Normalized force-versus-distance curve measured with a hydrophilic silica 
particle in aqueous electrolyte with no added DTAB, 0.1 mM DTAB, 5.4 mM DTAB, and 
13.2 mM DTAB (from Ref. [143]). The electrolyte contained 0.3 mM KCI, the pH was 
around 5.5. The insert at 5.4 mM shows the electrostatic repulsion before the jump-in. 
The particle radius R was 2.5 pm. 
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tip came into contact with the sample and 
a topographic image was obtained. 

Using the electrostatic repulsion mode, 
Manne and coworkers studied the struc- 
ture of surfactants adsorbed to solid 
surfaces. They imaged the cationic sur- 
factant cetyltrimethylammonium bromide 
(CTAB) adsorbed to a hydrophobic grap- 
hite surface [197]. When imaging with 
a very low force, they observed paral- 
lel stripes spaced about 4.2 nm apart, 
that is, about twice the length of the 
CTA+ ion. The adsorbed stripes were 
generally observed in three orientations. 
On the basis of observations like these, 
the authors proposed that CTAB forms 
hemicylindrical hemimicells on graphite. 
Manne and coworkers and others extended 
this work to other solids such as sil- 
ica [198], mica [175], or gold [199] and to 
other surfactants such as sodium dodecyl 
sulfate (SDS) or dodecyldimethylammo- 
niopropane sulfonate (DDAPS) [200], As 
an example, Fig. 11 shows mica surfaces 


covered with micells or hemimicells of two 
gemini surfactants. AFM images taken in 
the electrostatic repulsion mode allowed 
to analyze the supramolecular structure of 
surfactants on solid surfaces and greatly 
advanced our knowledge about surfactant 
adsorption. The advantage over contact 
mode is the significantly less destruc- 
tive interaction between tip and sample. 
Burgess and coworkers [201] could even 
visualize changes in the structure of SDS 
adsorbed to gold(lll) upon variation of 
the potential. At negative and neutral sur- 
face charge, SDS forms a hemimicellar 
structure. At positive surface charge, a 
condensed monolayer is formed. 

In the described experiments the images 
are not solely images of the charge 
distribution but they are a mixture of 
topography and charge density. Heinz 
and Hoh [203] developed a protocol, called 
D minus D mapping, on how the two 
contributions can be separated. Therefore 
they take isoforce images at different salt 
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Fig. n To study the structure surfactants on surface, these AFM images (1 50 x 1 50 nm) 
were recorded in electrostatic repulsion mode. They show two different gemini surfactants, 
(C m H 2m +i)[N + (CH 3 ) 2 ](CH 2 ) n [N+(CH 3 ) 2 ](CH 2 )j with m-n-j of 1 8-3-1 (a) and 12-4-12 (b), in 
aqueous medium on mica. The concentrations were 3.0 and 2.2 mM, respectively. Both are 
above the critical micellar concentration. (The figure is reproduced with kind permission 
from S. Manne [202].) 
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concentrations to remove topography and 
isolate electrostatic contributions to the 
tip-sample interaction. 

To get more quantitative information on 
the surface charge density, whole force 
curves must be taken at each individ- 
ual point of the sample. In this way, 
differences between the charge densities 
of different regions on a sample can be 
obtained. This not only allows to distin- 
guish regions on the basis of their electric 
properties but also opens the possibility to 
measure quantitative charge densities with 
a standard AFM tip. Usually, it is practi- 
cally impossible to measure local charge 
densities with standard tips directly. The 
surface chemistry of silicon nitride and the 
size of the tip are not known accurately 
enough to allow quantitative measure- 
ments. To circumvent this problem, the 
sample is adsorbed on a substrate with 
known charge density. Then, force curves 
are taken on the substrate and on the de- 
posited material. This substrate is used 


to calibrate the tip and then the charge 
density of the deposited material can eas- 
ily be calculated. In this way the author 
determined the charge density of pur- 
ple membranes deposited on alumina [54]. 
Rotsch and coworkers verified the positive 
surface charge of dimethyldioctadecylam- 
monium bromide (DODAB) patches on 
negatively charged mica (Fig. 12). At neu- 
tral pH they observed a repulsive force 
between the negatively charged mica and 
the negatively charged silicon nitride tip. 
On a DODAB patch an electrostatic at- 
traction was observed, indicating that the 
patch is positively charged. 

Taking many force curves can nowadays 
be done automatically with commercial 
instruments. Usually it requires 0.1 to 1 s 
to take one force curve. To obtain say 
64 x 64 force curves lasts 7 to 70 min. 
To increase the speed, Miyatani and 
coworkers developed a procedure in which 
the cantilever is moved in a sinusoidal 
form rather than a triangular pulse [205]. 



Fig. 12 AFM contact mode image showing a typical assembly of DODAB bilayer patches (a). 
The patches were self-assembled from a vesicle suspension and imaged in pure water. To the 
right, a series of approaching force curves are shown that were taken along a line across one of 
the patches in 5 mM UNO 3 (b). The different electrostatic interaction - repulsive on the mica 
substrate at the beginning and end of the line and attractive on the DODAB patch - is visible. 
(The figure is reproduced with kind permission from M. Radmacher [204].) 
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This method is, however, limited by 
the increasing viscous drag when the 
cantilever approaches a sample [134]. 

2.5.6 

Conclusion and Outlook 

Since the first measurements of the elec- 
trostatic double-layer force with the AFM 
not even 10 years ago, the instrument has 
become a versatile tool to measure sur- 
face forces in aqueous electrolyte. Force 
measurements with the AFM confirmed 
that with continuum theory based on the 
Poisson- Boltzmann equation and applied 
by Debye, Hiickel, Gouy, and Chapman, 
the electrostatic double layer can be ade- 
quately described for distances larger than 
1 to 5 nm. It is valid for all materials in- 
vestigated so far without exception. It also 
holds for deformable interfaces such as 
the air-water interface and the interface 
between two immiscible liquids. Even the 
behavior at high surface potentials seems 
to be described by continuum theory, al- 
though some questions still have to be 
clarified. For close distances, often the 
hydration force between hydrophilic sur- 
faces influences the interaction. Between 
hydrophobic surfaces with contact angles 
above 80°, often the hydrophobic attraction 
dominates the total force. 

In the future, more fundamental investi- 
gations are probably going to focus on the 
interaction at close distances where only 
few molecular layers are present between 
the interacting surfaces. Then, however, 
the separation into electrostatic, van der 
Waals, and hydration forces might not be 
useful anymore. Also the investigation of 
shear forces (friction) or the change of 
interaction under shear is a promising 
area of research and many important fun- 
damental and applied questions can be 
addressed. Apart from these fundamental 


issues, the AFM has become a routine tool 
to measure interaction force for specific 
particles or surfaces relevant to practical 
applications. 
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Abstract 

We discuss the similarities and differ- 
ences between liquid-state electrochem- 
istry (LSE) and solid-state electrochemistry 
(SSE). Although based on the same ther- 
modynamic principles, the properties of 
these cells are quite distinct. Differences 
exist in the bulk conduction mechanism, 
partially in electrode reaction and in cell 
construction and morphology. This also 
leads to differences in applications. 

2 . 6.1 

Introduction 

LSE, the classical electrochemistry, is con- 
cerned with electrochemical cells (ECs) 
based on liquid ionic-conductors (liquid 
electrolytes (LEs)). Solid-state electrochem- 
istry is concerned with ECs in which the 
ionic conductor (electrolyte) is a solid. Both 
fields are based on common thermody- 
namic principles. Yet, the finer character- 
istics of ECs in the two fields are different 
because of differences in the materials 
properties, conduction mechanisms, mor- 
phology and cell geometry. Differences 
that come immediately to mind are: (1) 
The lack of electronic (electron/hole) con- 
duction in most LEs, while electronic 
conduction exists to some extent in all solid 
electrolytes (SEs). (2) In LEs both cations 
and anions are mobile, while in SEs only 
one kind of ions is usually mobile while the 
other forms a rigid sublattice serving as a 
frame for the motion of the mobile ion. An 


example is Agl (at T > 149 °C), where only 
Ag + ions are mobile. (3) In liquid-state 
cells one has the option to stir and replen- 
ish the LE. This is not possible, of course, 
when using SEs. Contrary to SSE in which 
the electrode can be complex, in LSE it is 
usually the LE that has a complicated com- 
position, containing many different kinds 
of ions coming from dissolution of dif- 
ferent compounds. These differences and 
others will be discussed in more detail in 
the coming sections. In Sect. 2 we discuss 
the geometry of liquid and solid ECs; in 
Sect. 3 material properties, in particular, 
charge carriers, their nature, concentra- 
tion and conduction mechanism; in Sect. 4 
the theoretical current-voltage relations in 
the bulk and the relevant boundary con- 
ditions. In Sect. 5 experimental methods 
for characterizing materials properties and 
overpotentials are discussed, and in Sect. 6 
electrode processes. Two short sections 
follow, Sect. 7 in which the use of the Gal- 
vani potential is considered, and Sect. 8 
in which catalysis is briefly considered. A 
summary is given in Sect. 9. 

LSE is a well-established field, for which 
there are many good, comprehensive text 
books and we mention only four: Boclc- 
ris and Ready [1], Bard and Faulkner [2], 
Oldham and Myland [3] and Gileadi [4]. In 
SSE, being a younger field, the informa- 
tion is scattered in many review papers on 
different topics, books containing review 
chapters [5-7], books dedicated to par- 
ticular topics: on solid-state batteries [8], 
solid-oxide fuel cells [9], and solid-state 
sensors [10]. A text book that summarizes 
the state of the art up to year 1981 is the 
book by Rickert [11]. A recent book (in Ger- 
man) was published by Maier. It presents 
a broad overview [12]. Chemical reactions 
in ionic solids are closely related to SSE as 
they are based on interdiffusion of ions and 
sometimes also on charge transfer. The 
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driving forces are similar. The reactions 
can be driven by both chemical potential 
differences and electrochemical potential 
differences. A recent book on solid-state 
reaction is by Schmalzried [13]. Properties 
of many relevant ionic materials as well 
as an excellent summary of the theory of 
point defect in solids can be found in the 
book by Kroger [14]. An outstanding con- 
tribution to the field up to the year 1977 
was made by Wagner, whose results are 
quoted in the reviews and books written 
later and mentioned in the preceding text. 

2 . 6.2 

Electrochemical Cell Geometry 

2. 6. 2.1 Cells Based on LEs 

An EC based on a LE is shown schemati- 
cally in Fig.l. It is composed of a liquid that 
conducts ions and two current-carrying 
electrodes, an anode and a cathode (Ei, 
E 2 ). An electrode can be composed of more 
than one piece of one kind of metal as 
when using a sacrificial anode. Additional 
electrodes (E re f ) that do not carry currents 
are added in most cases to serve as refer- 
ence electrodes in voltage measurements 
and analysis of cell operation. 

The LE serves not only as a medium for 
selective transport of ionic charge but also, 
in many cases, as the source and sink for 
the reactants and products involved in the 
electrochemical reaction. The electrodes 


are then chemically inert, serving only 
for the supply and removal of electrons. 
Furthermore, the LE tolerates the addition 
of other materials that contribute mobile 
ions which, however, do not participate in 
the electrical current under steady state 
conditions. The main use of this feature 
is in adding a supporting electrolyte, the 
importance of which will be discussed in 
the theoretical Sect. 4. 

In other arrangements, the electrodes 
provide material or serve as a sink. 
An electrode that serves as a source of 
material is, for example, a metal anode that 
dissolves and liberates cations into the LE. 
A metal electrode serves as a sink when it 
is oxidized to form, for instance, an oxide 
layer or when electroplating occurs. This 
is also the case when insertion takes place 
as hydrogen into a palladium electrode. 
Material can be exchanged also with a gas 
phase. This is the case when bubbling 
hydrogen on a Pt electrode. 

A key limitation of the existing LE ECs 
is that the operation temperature must 
be kept low, compatible with the vapor 
pressure of the liquid. (An exception is the 
use of a few high-temperature, molten salt 
LEs, for example, molten carbonates) [1, 
15, 16]. While low-operating temperature 
has obvious advantages, it may also 
introduce limitations because of two very 
different reasons. (1) high temperatures 
allow to overcome electrode overpotentials. 


Ei E ref e 2 



Fig.l Schematics of a 
liquid-state electrochemical cell. 
LE - liquid electrolyte; Ei , 

E 2 - current-carrying electrodes; 
E re f - reference electrode. 
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and (2) the heat generated as a by-product 
of the electrochemical reaction in hot 
cells can be used for heating much 
more efficiently. This is the case in high- 
temperature solid-oxide fuel cells in which 
the hot exhaust gases can be used for 
cogeneration of electricity by gas turbine 
driven electrical generators. A second key 
limitation of LE-based ECs is that they 
cannot be used in thin-film devices and 
miniature cells in microelectronics, while 
solid-state cells are being developed for 
these applications. 

2 . 6. 2. 2 Cells Based on SEs 

Solid electrochemical cells are more re- 
stricted in the structure because of the solid 
nature of the ionic conductor. Schematic 
configurations of solid-state cells are pre- 
sented in Fig. 2 (a-c). Figure 2 (a) shows 
an all-solid cell with the SE, SE(M + ), 


and the electrodes, Ei, E2, being solids. 
These electrodes serve both as source and 
sink for electrons and for material. An ex- 
ample is the battery Li x C|SE(Li + )|Li y TiS2, 
where the anode is graphite intercalated 
with Li, and the cathode is TiS2, a lay- 
ered compound that allows intercalation 
of Li into it, serving both as a conduc- 
tor and a source/sink of Li + ions and 
electrons. The SE conducts Li + ions, and 
can be, for example, a glass made of 
L^O— Li2SC>4— B2O3 [8]. In this case, the 
electrodes materials serve for the supply 
and removal of both charge and matter. 
They must allow the diffusion (intercala- 
tion) of the material into them and they 
must also be electronic (electron/hole) 
conductors. The SE serves solely as a 
membrane that facilitates the selective con- 
duction of certain ions (e.g. Li + ), but not 
that of electron/holes and of other ions 



Ei 

SE(M + ) 

e 2 


(a) 





Inert metal Inert metal 



Fig. 2 Schematics of solid-state electrochemical cells, (a) Cell with two, solid, current-carrying 
electrodes Ei and E 2 , SE(M + ) - solid electrolyte conducting the cation M + . (b) Cell with 
electrodes composed of a porous metal layer for electronic charge exchange and the gas phase, 
X 2 , for material exchange. Px 2 -partial pressure of the gas X 2 . SE(X“) - solid electrolyte 
conducting the anion X - . (c) The triple phase boundary (TPB) enlarged, (d) Cell with 
mixed - ionic - electronic conducting electrodes for supply of electronic charge permitting 
diffusion of ions through them, enabling material exchange with the gas phase. 
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that may come from the electrodes. SEs 
usually do not tolerate the addition of a 
second type of mobile ions to serve as 
supporting electrolytes. All this is quite 
different from the case of LSE. There are 
additional differences. Ions have to cross 
the S E/electrode interface. The mobility of 
ions in SEs is, for most cases, lower than 
in LE, and is realized usually only at el- 
evated temperatures. Because of the low 
mobility, SEs contain high concentrations 
(>1 atomic%) of mobile ions. The highest 
conductivity obtained at elevated T reaches 
~lS/cm for some materials (e.g. for Ag + 
in Agl at T > 149 °C and for O 2- in Bi 203 
at ~800 °C [11]). However, for most SEs 
the conductivity is at least one order of 
magnitude lower. 

Figure 2(b) exhibits a solid electrochem- 
ical cell with porous, inert electrodes in 
contact with a gas phase at each elec- 
trode that interacts with the electrode (by 
electron charge transfer) and with the 
SE. An example is the fuel cell arrange- 
ment, H 2 ,H 2 0,Pt|YSZ|Pt,0 2 . The SE yt- 
tria stabilized zirconia (YSZ) (the oxide: 
(Y 2 0 3 ). v (Zr0 2 )i_ x , x ~ 0.1) is an oxygen- 
ion conductor. One electrode is exposed 
to a high concentration of oxygen (pure 
oxygen or air) and the other to a fuel 
such as H 2 . (In modern fuel cells, Pt for 
the electrodes is replaced by other metals, 
mixed ionic electronic conductor (MIECs) 
or cermets [9].) In the cell mentioned here, 
each electrode is a mixture of phases, one 
(Pt) supplying the electronic charge and 
the second one (the gas phase) serving as 
the source or sink of material. The active 
electrode area is around the triple phase 
boundary (TPB) in which the three phases: 
gas, metal, and SE involved in the electrode 
reaction, meet (see Fig. 2c). The length of 
the TPB is the length of the pore edges in 
the porous metal. The width of this area 
varies from case to case and depends on 


the rates of the different and competing 
elementary steps in the electrode reaction. 
The geometry of this cell is again different 
from that of a LE-based cell. 

A modification of the cell shown in 
Fig. 2(b) is presented in Fig. 2(d) in 
which nonporous MIECs are used as 
electrodes. In a fuel cell, oxygen has then 
to diffuse from the gas phase through 
the MIEC cathode to reach the SE and, 
correspondingly, the fuel and the exhaust 
gas have to diffuse through the anode. (In 
reality, the MIEC electrodes are porous, 
which increases the electrode active area). 
The MIEC can be either a semiconductor 
or a metal. An example of a continuous 
cathode is: YSZ|Ag|air, with the Ag layer 
as the MIEC electrode. This is possible 
because silver is permeable to oxygen at 
elevated temperature [17, 18]. 

2. 6 . 2. 3 Comparing the Two Croups of 
Cells 

In LS E salt bridges are used to connect elec- 
trically (by selective ion motion) but to sep- 
arate physically and to a good approxima- 
tion also chemically, two compartments. 
Owing to ion leaks, these are useful only 
for low-current measurements, in partic- 
ular, open circuit voltage measurements. 
In SSE, salt bridges are not needed. SEs 
usually conduct only one kind of ions. Let 
us consider the Daniel cell Cu|LE(Cu 2+ , 
S0 4 2- ) | Bridge | LE(Zn 2+ , S0 4 2- ) | Zn. The 
bridge is required to stop mixing of the 
two solutions. It allows a slow passage of 
ions, thus facilitating a continuous electri- 
cal circuit. If the bride would be absent, 
this would destroy the cell as mixing 
would occur followed by electroplating of 
Cu onto the Zn electrode. On the other 
hand, in SSE, if one would build a Cu, 
Zn cell, one would use a SE that con- 
ducts only one kind of ions, say Cl - . 
This could be SrCl 2 [19]. The cell would 
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then be: CuCl 2 ,Cu|SrCl 2 |Zn,ZnCl 2 - This 
cell would function without the need of 
a bridge. The SE (SrCh) serves as the 
separating membrane. We notice that the 
phases CuCh and ZnCh are added to the 
electrodes in order to fix the chemical po- 
tential of CI 2 there. 

If a concentration cell is considered, 
then in LSE the cell would be, for exam- 
ple: Zn| LE (Zn 2 + ,C1“ ) | Bridge (K+ ,C1“ ) | LE 
(Zn 2+ ,Cl“)|Zn, with the Cl - concen- 
tration different in the two LEs. In 
SSE one would use a cell such as: 
Cl 2 (/ , ^ l2 ),Zn|SE(Cl-)|Zn,Cl 2 (P^ l2 ) with 
different partial pressures, Pq 2 , of CI 2 . 
No bridge is again needed since the 
SE serves as the separating membrane. 
(For this cell to work properly P^ and 
Pq should be kept below the equilib- 
rium pressure of Zn/ZnCh, otherwise 
the chloride ZnCh would be formed at 
the electrodes, and both /’ci 2 ‘ s would ob- 
tain the (same) equilibrium value and the 
voltage would vanish). In SSE the metal 
electrodes in concentration cells are, in 
many cases, inert. A typical example is the 

cell: 02(/ > o 2 ),Pt|SE(0 2- )|Pt,0 2 (/ > o 2 )- 

When the source of material is a solid 
electrode, it is consumed under current. 
Therefore the lifetime of the electrode is 
limited. In S SE, care must be taken to press 
the electrode onto the SE continuously. At 
the other solid electrode, space must be 
left for the electrode to grow. In contrast, 
in LSE the LE stays always in good contact 
with the electrode. Furthermore, when the 
source of material is the LE, then material 
can be supplied indefinitely since the LE 
can be replenished. The geometry of LSE 
cells closest to all solid cells is when the LE 
is soaked in a porous solid. 

A continuous supply of material is 
possible in SSE and in LSE, when it comes 
from the gas phase. In SSE this can also 


be achieved by supplying a liquid to an 
electrode. 

One expression of the flexibility of the 
geometry in LSE, in contrast to SSE, is 
the possibility to use a dropping mercury 
electrode. 


2. 6. 3.1 Charge Transport in LEs 

In LSE charge is transported by ions in 
the LE and by electrons in the metallic 
electrodes. The LE is usually a solvent 
that contains an ionic solute. In many 
cases, the solvent is water and the solute 
a salt, acid or base. A different example 
is molten carbonates in which the salt 
is molten and the liquid serves also as 
the source for ions [1, 15, 16]. In some 
cases, the water in an ionic solution 
also takes part in the reaction. For 
example, the reaction: Cr(s) + 4 H 2 CK/) —*■ 
CrC> 4 2_ (aq) + 8H + (aq) + 6e“(s) that can 
take place at a Cr electrode. In SSE on the 
other hand, the SE is always chosen to be 
chemically stable (in the steady state). 

In LEs there are at least two kinds of 
mobile ions, the cations and anions. They 
have usually comparable mobilities and 
both may contribute to the electrical cur- 
rent. There is rarely an electron current 
in a LE, though a few exceptions exist 
(e.g. sodium metal dissolved in liquid am- 
monia contributes solvated electrons [20]). 
Electrons can also propagate in a liquid 
by hopping between a redox couple say: 
M + + M 2+ — »■ M 2+ + M + , which is equiv- 
alent to the propagation of an electron from 
left to right [21]. This is analogous to hop- 
ping conduction in an impurity band in 
solids. The rate of electron hopping in a 
liquid is low due to the relatively large aver- 
age distance between the ions for common 
concentrations and in view of the large 
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distance of closest approach due to the 
cloud of solvating molecules. We can there- 
fore safely consider LEs as ionic conduc- 
tors with negligible electronic conduction. 

The motion of ions in a LE is impeded. 
The ion or the ion and its solvating sphere 
move in a viscous liquid. The force of 
retardation can be calculated according 
to Stokes equation and the corresponding 
diffusion coefficient or mobility is related 
to the viscosity. 

Protons can propagate by two mecha- 
nisms. One is by the viscous flow of a 
complex H + (H20)„ where n = 1, 2, 3, 4, 
the second is by the Grotthuss mechanism, 
hopping of a proton from one hydronium 
H 3 0+ to a nearby water molecule. The 
latter mechanism has some similarity to 
hopping conduction of ions in solids as 
discussed in the following text. 

2. 6. 3. 2 Charge Transport in SEs 

SEs are those solid ionic conductors 
for which ionic conductivity, eri on , is 
significant and the electronic conduction, 
er e l, is small. There is no exact definition of 
what is a significant ionic conductivity, but 
usually CTi on > 10“ 4 S/cm is considered 
significant with the lower limit applying 
to cells with thin-layer SEs. Electronic 
conduction in solids is, usually, present 
to a higher degree than in LEs. SEs 
are those MIECs for which cr e i <§; Ui on . 
The reasons for low electronic conduction 
in ionic solids are: (1) The energy gap 
is large and intrinsic electron and hole 
concentrations are very low. (2) The 
occupied electron states in the conduction 
band and hole states in the valence 
band are localized rather than delocalized. 
Therefore, the electron and hole mobilities 
are thermally activated and low. The 
lack of electron conduction in LE can 
be discussed in the same terms. In 
these terms, the quasi-energy gap of 


the disordered system is very large and 
the electron states highly localized with 
negligible mobility. 

The ions and electrons in SEs and in 
MIECs polarize the ionic neighborhood. 
Therefore, the ions, electrons, and the 
polarized surrounding form the corre- 
sponding small polarons [22], This would 
be analogous to polarization of an ionic 
liquid. However, the details are different 
and in the sphere of solvating molecules 
that exists in LSE, neutral molecules with 
an electric dipole are attracted to the 
ion and also change orientation. For SEs 
with a high concentration of mobile ions 
(> 10 ion%), for example, Ag + ion in Agl 
atr > 149 °C, the interaction between the 
mobile ions forces local relaxation within 
the sea of these ions, which affects the con- 
ductivity and its dependence on frequency 
for ac signals [23]. 

The high concentration of ions both in 
LEs and in SEs affect the width of the 
space charge that exists at the boundary 
of the electrolyte near the contact interface 
with the electrode. Any abrupt change in 
the concentration of charged species must 
result in a space charge [24, 25]. The width 
of that space charge is roughly the Debye 
length and for typical LEs, it is only 0.3 
to 10 nm; while for typical SEs, it is 0.3 
to 1 nm. The detailed characteristics of the 
space charge are not identical for LEs and 
SEs. One difference arises from the fact 
that in SEs usually only one type of ions 
is mobile. There is therefore a difference 
between enriching and depleting that ion, 
and the profile of the space charge when 
it is enriched or depleted is different [12]. 
The other differences are due to the or- 
dered structure of the SE and the absence 
of a solvating cloud in SEs, as discussed in 
Sect. 6. 

In SEs, ionic and electronic charge 
transport is associated with deviations 
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from the normal state. This can be 
best understood by considering crystalline 
solids. Then conduction is associated with 
point defects [14]. The perfect crystal is 
defined as that with perfect lattice pe- 
riodicity, at zero temperature. In semi- 
conductors, electrons in the conduction 
band are thus defects formed by ex- 
citation into states that are empty at 
T = 0. Conduction in LEs can also be 
formulated as a deviation from a stan- 
dard liquid state [26]. However, this is 
uncommon and is not discussed fur- 
ther here. 

The electronic charge carriers can 
be generated, under equilibrium, in 
three ways: 

1. By thermal excitation across the band 
g a P- 

2. By extrinsic doping with donors or 
acceptors. 

3. By change of stoichiometry. The ionic 
defects formed in this way act as native 
donors or acceptors. 

Of course, any combination of these three 
causes may be realized simultaneously in 
any given material. In addition to elec- 
trons/holes generated under thermal equi- 
librium, they may also be injected from 
electrodes and excited by optical pump- 
ing under nonequilibrium conditions. As 
mentioned before, the mobility of the elec- 
trons and holes is thermally activated as 
they form small polarons. 

For ionic conduction to exist in a crystal, 
an ion has to move out of its normal po- 
sition either into an interstitial site or find 
an existing defect in the form of a vacancy. 
The conductivity increases therefore lin- 
early with the defects concentration, in the 
dilute limit (as long as interaction between 
the defect can be neglected). The defects 
can be generated, under equilibrium, in 


three ways, similar to those for electronic 

defects: 

1. By thermal excitation. The result, in 
an elementary solid, is a vacancy 
and an interstitial. In a binary-ionic 
compounds, say MX (a compound 
composed of cations M and anions X), 
thermal excitation may result in one 
of five combinations of a vacancy, an 
interstitial and/or a misplaced ion [14]. 
The most widely discussed defects are 
Frenkel pairs, an interstitial of, for 
instance, a cation and the vacancy 
left behind, Mj + Vm> and Schottky 
pairs of vacancies of the cation M 
and anion X: Vm + Vx- We use here, 
the Kroger-Vink notation of point 
defects. Charge is measured relative 
to the perfect crystal. A dot denotes 
a positive relative charge, a prime 
denotes a negative relative charge and 
x denotes a zero relative charge [14]. 
Thus, the Frenkel pairs in AgBr, 
interstitial silver ions and silver ion 
vacancies, are, in the Kroger-Vink 
notation: Ag ; * + VXgV 

2. By doping. Charged ionic defects can be 
generated also by doping with charged 
impurities. For substitutional doping, 
they must be aliovalent. For example, 
doping substitutionally ZrC >2 with CaO 
forming the defect Cazr^ generates 
also ionic defects in the form of charged 
oxygen vacancies, Vo**- The later are 
mobile at elevated temperatures. We 
have mentioned before that doping may 
result also in generating electrons or 
holes. Whether doping will result in 
ionic defects (called self compensation) 
or electronic ones depends on the 
materials involved, and can be predicted 
if the nature of the point defects and 
their concentrations in the host are 
known in detail [27]. 
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3. By change of stoichiometry. For binary 
compounds, say oxides, the oxygen 
vacancies can be generated by reducing 
the oxygen partial pressure, Po 2 , of 
the gas in equilibrium with the oxide, 
at elevated temperatures. This yields 
for instance, CeC> 2 -v, y > 0. Cation 
vacancies or oxygen interstitials can be 
formed under high Po 2 as is the case in 
CU 2 O, which contains then V£ u , Vcu^ 
and 0;^ [28, 29]. 

The propagation of ionic defects makes use 
of the existing point defects in various com- 
binations [30], provided they form a contin- 
uous, percolating path. Let us consider two 
simple but important paths: (1) Vacancy 
propagation by the hopping of a nearby 
ion (of the correct type) into the vacant 
site. This leaves a new vacancy behind. For 
example Mm x + Vm^ -»■ + Mm x de- 

scribes the motion of a cation with valence 
2+ from left to right or, equivalently, the 
motion of a vacancy Vm ^ from right to left. 
(2) The other example is that of interstitial 
cation moving via interstitial sites. In all 
cases, the mobility is thermally activated 
with the thermal energy required to over- 
come the potential energy (or rather the 
enthalpy) barriers between allowed sites in 
the conduction path. 

Another conduction mechanism in 
solids that has to be considered, be- 
sides electron and hole conduction in the 
corresponding energy bands and ion con- 
duction, is electron hopping in an impurity 
band [31]. For example, let D be the impu- 
rity then, Dj" + Di ** -» D,“ + D* (Dt\ 
D‘‘ are the interstitial cations in the 
Kroger-Vink notation) describes the ef- 
fective motion of an electron from left to 
right. This occurs in addition to any con- 
duction due to electrons in the conduction 
band or holes in the valence band [27]. The 


hopping conductivity is proportional to the 
product of concentrations: [£),■•][£),■••]. 

The conduction-electron conductivity 
is proportional to the concentration of 
electrons in the conduction band, which, 
under equilibrium, is proportional to the 
ratio of concentrations as can 

be deduced from the mass action law for 
the reaction D, ** + e^ D, * . The con- 
centration of the electrons in the conduc- 
tion band may be quite low, though both 
the ionic defects concentrations may be 
high. Then, the hopping conductivity may 
be higher than the conduction-electron 
conductivity. Not only impurities but also 
native defects with variable charged states 
allow hopping conduction in a defect 
band [32], 

In SSE MIECs play an important 
role [33]. They are characterized by the rel- 
ative concentrations of: (1) mobile ions 
(fixed or variable charge), (2) electron and 
holes, (3) immobile charged impurities 
(fixed or variable charge). The most widely 
considered MIECs (including SEs), both 
theoretically and experimentally, are those 
with a high concentration of one kind of 
mobile ionic defects (Mon) and a low con- 
centration of electrons (n) and holes ( p ): n, 
p Mon- A typical example is YSZ with 
~5 anion% mobile oxygen vacancies, a 
low but nonnegligible hole concentration 
at T ~ 1000 °C for Po 2 ~ 1 atm and a low 
but significant electron concentration at 
T ~ 1 000 °C for P Ql ~ 10 25 atm. The elec- 
tron and hole conductivities in YSZ are low 
at T ~ 1000 °C for intermediate Po 2 . In 
Ag 2 S , on the other hand, the concentration 
ratio is again n, p <& Mon but due to a high 
electron mobility, the electron conductivity 
is higher than the ionic one [11]. Another 
defect model is p n = ZionMon, where 
Zion *7 is the charge of the mobile ionic de- 
fect (q is the elementary charge). This is 
the case for example in CeC>2-v where p <<C 
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n = 2[Vo**]- In this case, the electron con- 
ductivity is higher than the ionic one due 
to a significantly higher electron mobility. 

In amorphous condensed phases, the 
interpretation of the conduction is rather 
similar to that in crystalline materials if one 
views the amorphous phase as a crystalline 
solid that is highly disordered. In this view, 
the solid contains a high concentration of 
defects with at least one kind being mobile. 
This explains why glasses exhibit, in many 
cases, a higher ionic conductivity than the 
corresponding crystalline solid with the 
same composition. 

Polymer ion and electron conductors are 
of much current interest in SSE because 
of their ease of production, low cost and 
relative high conductivity at room tem- 
perature. The conduction mechanism for 
ions is different from that in inorganic 
solids and is based either on segmental 
motion in the polymer and hopping of the 
ion (in a remote similarity to the Grot- 
thuss mechanism for proton conduction 
in water) or on a LE embedded in the poly- 
mer. Electron conduction in polymers can 
be discussed in terms used for conduction 
in inorganic semiconductors. Single-phase 
MIECs polymer with significant conduc- 
tivities do not exist yet. Quasi-MIECs are 
formed by blending two polymers, one 
conducting ions and the other conducting 
electrons /holes [34]. 

2. 6. 3. 3 Summarizing the Differences 
Between Transport in LEs and SEs 

The key differences between conduction 
in LEs and in SEs are 

1 . There is usually only one kind of mobile 
ions in SEs, as compared to at least two 
in LEs. 

2. There is an electronic conductivity, tr e i, 
present in SEs that has to be taken 
into consideration, even if small (cr e ] <§C 


erjon), whenever ambipolar motion of 
different charge carriers occurs, as is the 
case in chemical diffusion and under 
conditions in which the driving force 
for ionic motion is small. The existence 
of electronic conduction in addition to 
an ionic one yields a very important 
class of materials: MIECs. 

3. The concentration of ionic defects in 
SEs must be high compared to that in 
LEs in order to obtain comparable ionic 
conductivity because the mobility of the 
ions in SEs is usually lower than in 
LEs. Even so, in most cases, the SEs 
will exhibit a high conductivity only at 
elevated temperatures. 

4. The path for ion motion and the temper- 
ature dependence of ionic conductivity 
in SEs and LEs are very different. 

2.6.4 

Theoretical Current Voltage Relations for 
Ideal ECs (No Electrode Polarization) 

2. 6. 4.1 General Current Density Equations 

The current density equation for the ions 
in the bulk of the LE or SE are the same: 

c^ion „ ~ , 

Ji — ion (1) 

Zion V 

where /ij on is the electrochemical poten- 
tial of the ions, Zj on the charge of the ion 
and q is the elementary charge of a pro- 
ton. For SEs the charge considered is the 
effective one in the Kroger-Vink notation 
(though absolute charges could also be dis- 
cussed [35]). The convention used here is 
the one used in SSE referring the various 
quantities to a single particle rather than 
to a mole as done in LSE. Thus, the chem- 
ical potential is per particle, the charge is 
counted in elementary charges, q, rather 
than in Faraday units and one uses the 
Boltzmann constant rather than the gas 
constant. 
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For LEs one has to write at least 
two current-density equations, one for 
each mobile ionic specie. If a supporting 
electrolyte is added to the LE, two more 
current-density equations have to be added 
for the additional ions. The gradient in the 
latter two equations vanishes under steady 
state conditions because the electrodes are 
blocking for the ions of the supporting 
electrolyte. On the other hand, for SEs, 
one has to consider the current density of 
electrons and/or holes. For electrons: 

Je = — Vfte (2) 

q 

where ft e is the electrochemical potential 
of the electrons. /x e is equal to the redox 
potential of a redox couple, and it is equal 
to the Fermi level in solids. 

Quasi-coupling between the ionic and 
electronic currents is sometimes intro- 
duced by adding a term Li e V/x e to Eq. (1) 
and a term L e i V/q to Eq. (2). However, it 
was shown that these corrections are not 
really necessary (except perhaps in met- 
als [33]) if the current density of all mobile 
species, as well as interactions between de- 
fects are all taken into consideration [36]. 

2 . 6.42 Half Cells 

In LSE it is common to discuss an EC as 
if separated into halves, and to consider 
the potential at each electrode with respect 
to a third standard reference electrode. 
Furthermore, many of the ECs discussed 
in LSE contain supporting electrolytes. 
This is quite different from SSE, in which 
supporting electrolytes are absent. Thus, 
in LEs the voltage as well as the Nernst 
theoretical voltage can be expressed in 
terms of ion concentration in the LE. 
In SSE the analysis is done in terms of 
the chemical potentials of the materials 
and electrochemical potentials of the ions 
and electrons/holes involved in the cell 


reaction, and we shall use this approach 
here also. Reference electrodes are also 
used in SSE, but they are not universal 
standard ones, but rather chosen ad hoc 
for each particular system. 

2. 6. 4. 3 Supporting Electrolyte 

Let us first examine the effect of a 
supporting electrolyte in a LEs and its 
absence in SEs. The supporting electrolyte 
does not participate in the electrochemical 
reaction, by definition. Thus, y'i on = 0 
(where j is the current density) for the 
ions of the supporting electrolyte. Hence, 
by Eq. (1) 

V£ion = 0, y'ion = 0 (3) 

An electrochemical potential, fl, can be 
expressed in terms of a chemical potential, 
/x, and the inner (Galvani) electrical 
potential cp, 

pt = fi + zqtp (4) 

where zq is the charge of the relevant 
specie. In the limit of relative high con- 
centrations of the supporting electrolyte, 
gradients in the chemical potential of its 
ions can be neglected even when a voltage 
is applied to the electrodes, and/or there 
exist a difference in the composition of the 
electrodes, 

^ M ion = 0 (5) 

Combining Eqs. (3-5) yields: 

V<p = 0 (6) 

that is, the Galvani potential is uniform, 
the inner electric field vanishes in the LE 
due to the supporting electrolyte. In this 
case, the other (minority) ions flow under 
a chemical potential gradient only. 

In SSE, on the other hand, the mobile 
ions are those participating in the elec- 
trochemical reaction. The concentrations 
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of the mobile ions can be high as is the 
case with Ag ; * (interstitial silver ion, in the 
Kroger- Vink notation) in Ag 2 S and with 
Vo** in YSZ. Eq. (5) holds for these ions. 
However, their current does not vanish, in 
general, and Eqs. (3) and (6) do not hold. 
Instead, Eqs. (1) and (5) yield, 

,/iori = CTjon V ip (7) 

that is, the ionic current through the SE is 
driven by an electric field: — ¥<p. 

In other types ofMIECs, such as CeC> 2 -. T 
(p <SC n = ZionMon), Eq. (5) does not hold. 
Thus, Eq. (7) is not true anymore and one 
has to revert to Eq. (1) [37]. 

2. 6. 4. 4 Boundary Conditions 

The voltage measured on an EC is given 
by the difference in the electrochemical 
potential of the electrons at the two 
electrodes connected to the voltmeter. 


< >X+2e^ ( 10 ) 

If equilibrium prevails locally at each 
electrode, then, 

A/xx = A/ij on + Zi on A/x e (11) 

with Zi on = — 2 for X^V When the ionic 
current of X/Y vanishes, then by Eq. (1), 
V/ii on = 0 and the voltage measured on 
the cell is equal to the Nernst voltage (cf. 
Eqs. (8), (9), and (11)), despite the existence 
of an electronic conductivity, 

VUion = 0) = V* (12) 

As we shall see shortly, V (j\ = 0) need 
not be equal to the open-circuit voltage of 
the cell. 

When fix refers to a dilute concentration 
or an ideal gas, for example, oxygen at 
p o 2 < 1 atm, then Boltzmann statistics 
holds, and 


— qV = A/x e (8) 

The Nernst voltage, V t h, is, in SSE, a the- 
oretical quantity, having the dimension of 
voltage, that reflects a chemical potential 
difference. For a given chemical compo- 
nent, X, with mobile ions of charge zj on , 
V t h is defined as. 


A /xx = A 4 (T) + h s T In 

2 2 (13) 

where k% is the Boltzmann constant, [X 2 ]i 
and [X 2]2 the concentrations of X 2 near 
the two electrodes. The Nernst voltage 
depends then on the concentrations [X 2 ]i 
and 1 X 2 ) 2 ■ From Eqs. (9) and (13), 


-qVth = 


A /xx 

Z ion 


(9) 


-qVfa = 


R T 


2Zion <7 


In 



(14) 


where A/xx is the difference in the 
chemical potential of the component X at 
the two electrodes. Thus, for example, for 
YSZ one can consider A/x(0) = jA/xfC^) 
and Zion = — 2, while for Ag 2 S one would 
consider A/x(Ag) and Zi on = 1. 

2. 6. 4. 5 Relations Between Open-Circuit 
Voltage and the Nernst Voltage 

A /x x is related to A/Xi on and A/x e . Let the 
mobile ion be, for example, Xj A. Then, 


We notice that Vth does not depend on the 
concentration of ions in the SE (which for 
YSZ, for example, is fixed and uniform to 
a good approximation), fix can be fixed by 
a single phase, for example, O 2 gas with a 
given Po 2 or Ag metal or it can be fixed by 
a reaction in the electrode. For example, 
Po 2 may be fixed by the couple of reacting 
solids Fe/FeO when in equilibrium. /x(Na) 
can be fixed by Sn 02 /Na 2 SnC> 3/02 under 
a Pq 2 value for which SnC >2 is stable or it 
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can be fixed by C 02 /Na 2 C 03 /C >2 under a 
Po 2 value for which CO 2 is stable [38]. fix 
may also be fixed by an auxiliary EC [33]. 

The open-circuit voltage is the voltage 
when the total current through the EC 
vanishes. In SSE the total current, 7 t , 
may contain a nonnegligible electronic 
contribution, I e \ and 

h = /ion + 4 1 (15) 

Under open circuit conditions, 7 t = 0 and 
the partial currents 7i on = — 7 e i need not 
vanish. Therefore, the voltage for 7 t = 0 
is different from the voltage for 7i on = 0. 
It can be shown that when a single ionic 
species is mobile then [37], 

V oc < VUion = 0) = V t h, 

Voc » v (y'ion = 0) only when 

4l * 0. (16a) 

Eq. (16a) holds whether the electron/hole 
transport is via the conduction/valence 
band or via defect band hopping. 

When variable charge, mobile ions exist, 
for example, Cu + and Cu ++ , then there 
are different Nernst voltages, one for each 
Zion value (see Eq. 9). We neglect now any 
electronic current. Then, the open-circuit 
voltage is not equal to either of the Nernst 
voltages. For the example with Zi on = 1 
and 2 [33, 39], 

Ifhtaon = 2) < Voc < VjijfZion = 1) 

(16b) 

In LSE the Nernst voltage is, in princi- 
ple, defined similarly (with respect to a 
standard-reference electrode) and called 
the equilibrium potential. However, in 
practice one usually refers to the open- 
circuit voltage of a half cell with respect 
to a standard electrode. The open-circuit 
voltage is equal to the Nernst voltage when 
it is measured on purely ionic conductors. 


with fixed ionic charges and with negligible 
electronic conductivity. 

The way the Nernst voltage is calculated 
in LSE is by considering the electrode 
reaction under open-circuit condition, 
rather as in SSE from A fix (Eq. 9). 
Let us consider, for example, the cell, 
Ag|AgCl|LE(H 2 0,H + ,Cr)|Pt,H2, and cal- 
culate the Nernst voltage using first the 
LSE approach and then the SSE approach. 

The voltage of the cell is, according to 

Eq. (8), 

—qV = Ae(Pt) — Ae(Ag) (17) 

/x e (Ag) is fixed by the electrode reac- 
tion: Ag + Cl - -H- AgCl + e~ , which un- 
der equilibrium yields, 

Ae(Ag) = fi°( Ag) + A(Cr) A g,A g ci 

- fi° (AgCl) (18) 

where A (Cl - ) Ag, AgCl is the value of the 
electrochemical potential of Cl - near the 
interface Ag/AgCl and fi° denotes the 
standard chemical potential at the given 
temperature, T, which for solids is equal to 
the chemical potential. The measurement 
of the open-circuit voltage should be done 
under steady state. Then the Cl - current 
must vanish in the two, purely ionic 
conductors AgCl and LE(H20,H + ,C1“) 
placed in series. Thus, A (Cl - ) is uniform 
throughout the cell and we may remove 
the subscript Ag/AgCl and we may add 
the subscript LE. 

/x e (Pt) is fixed by the electrode reaction 
H 2 2H+ + 2e~, which, under equilib- 
rium, yields, 

Ae(Pt) = lfl( H 2 ) - A(H + )pt,LE (19) 

where /x(H + )pt,LE is the electrochemical 
potential of the protons near the H 2 ,Pt/LE 
interface. A(H + ) turns out to be uniform 
in the LE, since both /x( Cl - ) and p,(HCl) 
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are uniform in the LE, thus the subscript 
Pt,LE can be replaced by LE. Combining 
Eqs. (17), (18) and (19) yields, 

-qVoc = |m(H 2 ) - /i°(Ag) + /x°(AgCl) 

- A(H+)le - ACCHle (20) 

Under equilibrium one can make the 
following substitution: 

A(H+) LE + A(cr) LE = M(HC1) LE 

= /x(H+)le + /ACriLE (21) 

in Eq. (20), then, 

~qV oc = H 2 ) - /x°(Ag) + /x 0 (AgCl) 

- /x(H+) LE - /x(CD LE (22) 


/x(Cl2)p t! LE> the chemical potential of CI 2 
at the LE/Pt,H 2 interface, is fixed by the 
reaction of H 2 and HCl in the LE: H 2 + 
CI 2 •«-»• 2HC1 2H + + 2C1 - . Under equi- 
librium, 

j/4 Cl2)pt,LE = /r(H + )p t LE + P-(Cl _ )Pt,LE 
- j/x(H 2 ) (26) 

Combining Eqs. (25) and (26) and noticing 
that /x(H+) and /x(Cl“) are uniform in the 
LE, as mentioned before, yields, 

-qVth = 2 d(H 2 ) - M°(Ag) + /i°(AgCl) 
- h(H + ) LE - /^(C1 — ) L e (27) 


or when expressed in terms of activities, 
~qV , oc = ^°(H 2 ) - M° (Ag) + /i°(AgCl) 
- M°(H + )le - /x°(Cl _ ) LE 
a (H 2) 1 / 2 


- /cb T In 


a(H+) LE a(Cr) LE 


(23) 


For low ion concentrations a(H + )pE and 
a(Cl“)LE may be replaced by the corre- 
sponding (uniform) concentration [H + ] 
and [Cl - ] in the LE. 

The argumentation in the SSE approach 
would be as follows: There is a selective 
membrane for Cl - ions, that is, an 
electrolyte, made of two parts connected in 
series: AgCl and the LE. The Nernst voltage 
is determined by A/x(Cl 2 ) according to 
Eq. (9), 


2c/ Tth = b(Cl2)pt.LE - /x(Cl2)Ag,AgCl 

(24) 

/x(Cl2)Ag,AgCl> the chemical potential of CI 2 
at the Ag/AgCl interface is governed by 
the reaction: 2Ag + CI 2 -e- 2AgCl. Under 
equilibrium, 

i/x(Cl 2 ) A g,A g ci = M°(AgCl) - /i°( Ag) 

(25) 


Vth equals Voc of Eq. (22) since the elec- 
tronic component in the combined elec- 
trolyte AgCl/LE vanishes (see Eq. (16a)). 
This demonstrates that the two definitions 
of the Nernst voltage are indeed equal 
when the membrane is a pure ionic con- 
ductor. This would not be so if electronic 
conduction would be present (as can be the 
case in SSE), as then T t ^ 7^ T oc (Eq. 16a). 
Different values for the Nernst voltage 
defined as T oc rather than Vth would be 
obtained also when the LE contains vari- 
able charge-mobile ions, for example, Cu + 
and Cu ++ , as then V* 7^ T oc as can be 
seen in Eq. (16b). 

2. 6. 4. 6 Chemical Diffusion Coefficient 

Chemical diffusion of a single component 
occurs, in ionic solids, by the motion of 
ions. This must be accompanied by an 
equal current of electronic charge to avoid 
charge accumulation. Thus diffusion in 
ionic solids with a single type of mobile 
ions is an ambipolar motion of ions 
and electrons (or holes). This motion is 
governed by Eqs. (1) and (2) and the 
condition / t = 0. The chemical diffusion 



266 | 2 Electrochemical Doable Layers 
coefficient is then [12, 40], 

D h - k ^ T gionCr el 1 9 ln(flx) 

£ion O'iori T (T e ] Cx 9 ln(rx) 

(28) 

where cx is the total, local, concentration 
of material X (or defects), which, in ionic 
solids, may be equal to the concentration of 
the mobile ions (or defects), ax is the local 
activity of the component X. 22 c h e m need 
not be uniform. It is dominated by the 
smaller of the conductivities with Dchem 
(Tel for Gel «; CT ion and Dehem OC Oion for 
(Tion (Tel- 


2.6.4. 7 l-V Relations 

The ionic and electronic currents in the 
bulk of a MI EC are governed by the 
current-density equations of the kind of 
Eqs. (1) and (2), the boundary values of fix, 
of the mobile species, at the two electrodes 
and the voltage on the EC, Eq. (8) . The l-V 
relations are actually two relations: Aon vs 
/xxi , /X-X2, and V, and 7 e i vs fix l, Px 2 , and 
V. These relations are not universal but 
depend on the defect model of the MIEC. 

For an EC based on an MIEC with high 
and uniform concentrations of mobile ions 
(n,p <§C Mon) and thus a uniform ionic 
conductivity, 


Va-V 


(29) 


where Mon is the resistance of the MIEC to 
ionic current. The inner electric field, — V<p 
is uniform, in the steady state, as can be 
deduced from Eq. (7) and the uniformity 
of iion and Chon- 

The electronic current, I e \, is not linear 
in V. The electron and hole concentrations 
are not uniform and are dependent on 
the boundary values, fix l, PX 2 , and V. 
In particular, for MIECs with one type of 
minority electronic carriers, for instance, 
electrons, (p n <§; Mon) [33, 37], 


7 e = -Sal 


Vth-k 

L 


e -q(V&-V)/k B T _ e-qV^/ksT 
1 _ e-qiVfh-Vf/ksT 


( 30 ) 


where oT is the conductivity in the MIEC 
at the end, where V = 0, L is the length 
and S the cross-sectional area of the MIEC. 
In SSE l/k B T is normally denoted as /?. 
We shall not use this notation here to 
avoid confusion with the notation /3 of the 
symmetry factor in LSE. 

A different defect model for a wide group 
of MIECs is one with comparable concen- 
tration of electrons (or holes) and mobile 
ions, (p <^n = 4i on Mon)- The inner elec- 
tric field — Shp in this case is not uniform 
and the l-V relations are different from 
the previous ones [33, 37], 

k B T Vtu — V 

7i 0n = 2SV ion («i — n 2 )-^ ^ (31) 

Tth T 

and 

k B T V 

7 e = —2Sv e (n-[ — n 2 )~ — (32) 

Mh L 

where v is the mobility, n\ and «2 the 
concentration of electrons (and of the 
mobile-ionic defects) at the two ends of the 
MIEC. When the electrodes are reversible, 
«i and ii 2 are then fixed by fix, l and fix.i 
also under current, 7; on is linear in V 
and 7 e is proportional to V. On the other 
hand, when the electrodes block the ionic 
current, (e.g. when full blocking occurs 
lion = 0, hence V = V*) «i and/or «2 
depend then on V and the 7 e — V relations 
are not linear. 


2.6.5 

Methods for Characterizing ECs 

2. 6. 5.1 Methods for Characterizing LEs 
and SEs/MIECs 

The key parameters of interest in LEs 
and SEs/MIECs in ECs for the purpose 
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of discussing the I-V relations are 
the nature of the charge carriers, their 
concentrations and mobilities. 

In LSE the concentrations of the mobile 
ions are usually known and fixed by the 
composition of the LE. This is certainly 
true for strong electrolytes where the 
concentration of the mobile ions is equal 
to the concentration of the corresponding 
material added to the solution, times the 
stoichiometry coefficient. 

In SSE on the other hand, the nature 
and concentration of mobile defects can 
be guessed a priori with reasonable accu- 
racy only when they are introduced by 
doping, provided the dopants are fully 
ionized. When the mobile defects are gen- 
erated by thermal excitation, for example, 
Frenkel pairs, or by deviation form stoi- 
chiometry, they have then to be identified 
and their concentration measured. The ex- 
perimental methods used can be direct 
ones, that is, spectroscopic ones, such 
as characteristic ultra-violet (UV), visible 
(VIS), and infrared (IR) absorption; elec- 
tron spin resonance (ESR); and nuclear 
magnetic resonance (NMR). The methods 
can be indirect ones such as conductivity 
measurement, which is linear in the de- 
fect concentration (for low concentration), 
thermogravimetry (TGA) that follows the 
changes in the stoichiometry by weight 
changes, and by coulometric titration that 
follows the stoichiometry changes by elec- 
trical measurements and can be done 
more accurately than TGA. Other meth- 
ods used, follow changes in stoichiometry 
such as pressure measurements, IR mea- 
surements and chemical-titration mea- 
surements of the gases evolving from the 
sample [41]. The indirect methods require 
a model to relate the measured quantities 
to the defect nature and concentrations. 
In particular, in order to decide whether 
the defects are charged or neutral, it is 


useful to combine coulometric-titration 
measurements with in situ conductivity 
measurements [28, 29]. Hall coefficient 
measurements to determine the charge- 
carrier concentration are difficult because 
of the low mobilities found in ionic solids 
both for ionic and electronic charge car- 
riers. Only few Hall measurements were 
done on ionic solids to determine the elec- 
tron/hole concentrations and we are aware 
of only work done by Funlce that measured 
the ion Hall coefficient in an SE [42, 43]. 
The mobility can be determined from the 
electrical conductivity once the defect con- 
centration has been determined, or directly 
from a drift experiment. 

In SSE one has to determine both the 
ionic conductivity, <7i on , and the electronic 
conductivity, cr e j. For that purpose, one 
can use blocking electrodes that are per- 
meable to either ions or electrons, and 
measure the I-V relation when a steady 
state is reached. This is the basis for 
the Hebb-Wagner polarization method 
for determining cr e i [33, 44-46]. In the 
Hebb-Wagner method, the ion-blocking 
electrode is an inert conductor, for exam- 
ple, graphite or platinum. The blocking 
occurs either because a continuous-inert 
electrode can block the access of mate- 
rial to the SE or because the gas phase 
contains a limited amount of the rele- 
vant material. The counter electrode in the 
Hebb-Wagner experiment is a reversible 
one. It fixes the composition in the MIEC 
being tested, near the electrode/MIEC con- 
tact. This allows to relate the measured 
local a e \ to a well-defined composition 
of the MIEC. An example of such a cell 
is: (— )Ag|AgBr|C(+), which allows the 
determination of the distribution of cr e i 
throughout the AgBr. The voltage applied 
has to be kept below the decomposition 
voltage. When this voltage is exceeded the 
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MIEC decomposes, in analogy to electrol- 
ysis of an LE in LSE. 

The partial ionic or electronic currents 
and conductivities can also be measured 
by setting the driving force for the other 
partial current to zero. If one examines 
the Hebb-Wagner method, it becomes 
apparent that this nullification also occurs 
there. Because of the extreme resistance of 
the ion-blocking electrode to ionic current, 
the driving force for ionic motion in the 
MIEC vanishes (V/2j on = 0). 

A simple way to make the driving force 
for electrons vanish (V/x e = 0) is to short 
circuit the electrodes [47]. This sets the 
difference A/i e = 0 and for most common 
MIECs, it also sets V/x e = 0. 

Another method for separating <7i 0n from 
(T e l is by their different dependence on 
the chemical potential, /xx, applied to 
the electrodes. This method works well 
when ffion er e l or vice versa, and allows 
to identify which conductivity is being 
measured [22]. 

The chemical diffusion coefficient, 
D c iiem> can be determined using time- 
dependent electrochemical methods. The 
best known is the galvanostatic-intermit- 
tent-titration-technique (GITT) [40]. In this 
measurement, ions are pumped through 
an SE into (or out of) an MIEC for 
a short time. The pumping is stopped 
and the relaxation of the cell open-circuit 
voltage is followed. The time dependence 
of the cell voltage during pumping and 
during relaxation, both yield T>ch e m- To 
overcome contact overpotential a modified 
arrangement was suggested in which the 
chemical potential of the diffusing specie 
is monitored as it arrives at the remote 
end [48]. 

Through the dependence of /> c hem 
on ffion and cr e i (Eq. 28) Dchem can be 
used to determine the minority con- 
ductivity provided cx _1 3 ln(nx)3 ln(cx) is 


measured in addition (using coulometric 
titration in combination with EMF mea- 
surements [33]). 

2. 6. 5. 2 Methods for Characterizing 
Elements in the EC 

Working ECs are commonly characterized 
using ac-impedance measurements. This 
allows to identify the different contribution 
to the impedance by the various elements 
of the cell [49-51]. This method, first 
developed for LSE, is also extensively 
used in SSE. As a result of the different 
geometry in LSE and SSE the processes 
and their sequence are different. Yet 
the analysis can use the same electrical 
elements, namely, resistors, capacitors, 
and Warburg elements (for simulating 
diffusion). In both cases non Faradaic 
currents may exist, which originate from 
charging double layers without a chemical 
reaction taking place. 

Voltammetry is commonly used in LSE 
not so in SSE probably because of the dif- 
ficulty in the interpretation of the results. 

2 . 6.6 

Electrode Processes and Overpotentials 
2. 6. 6.1 General 

The details of electrode processes in LSE 
and SSE are different, as mentioned 
before. To examine the electrode processes 
in SSE let us examine a few examples. The 
EC, (+)Ag|AgI|Ag 2 S(— ) represents the EC 
shown in Fig. 2(a). Agl is an SE that 
conducts Ag + ions (at T > 149°C[11]). 
The electrodes Ag and Ag 2 S are a source 
or sink for both the material (silver) and for 
the electrons. In the oxidation reaction of 
Ag at the Ag/AgI interface, silver atoms or 
ions have to leave the silver metal and enter 
the Agl lattice as ions. There is charge 
transfer of ions across the interface and 
there may also be electron transfer to form 
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the ions there. At the AgI/Ag 2 S interface, 
Ag + ions are transferred from the Agl 
lattice into the Ag 2 S lattice. 

For porous gas electrodes, shown 
schematically in Fig. 2(b), there can be 
many different steps involved. For exam- 
ple, the overall cathodic reaction on a Pt 
electrode on YSZ is: 02(gas) + 4e _ (Pt) 
20 2- (YSZ). One can suggest that the over- 
all reaction consists of the following series 
of elementary steps: diffusion of O 2 in the 
gas phase toward the TPB, O 2 adsorption 
on the Pt, O 2 dissociation, electron transfer 
to O a d to form O a( j 2_ , diffusion of O a( j 2_ 
along the Pt electrode surface toward the 
SE (YSZ), and then entering of the ion into 
the YSZ. There can be other series of steps 
that yield the same overall reaction [52]. 

A different electrode is one that is not 
porous but a continuous MIEC and the 
source or sink for material is not the MIEC 
but the gas phase, as shown schematically 
in Fig. 2(d), Then diffusion of material in 
the form of ions through the MIEC, as well 
as charge transfer of ions at the MIEC/SE 
interface has also to be considered. 

It is evident from those examples 
that electrode processes in SSE involve 
elementary steps that may be limited by 
diffusion, others by slow-charge transfer 
of electrons in an electronation or de- 
electronation step, and yet others by a slow 
transfer of ions across an interface. The 
latter step is not common in LSE. On the 
other hand convection exits in LSE but not 
in SSE. 

2. 6 . 6 . 2 Inner (Calvani) Electrical Potential 

2. 6. 6. 2.1 Inner Electrical Potential in LSE 

The analysis of elementary steps that in- 
volve charge transfer, whether of electrons 
or of ions, require a detailed discussion of 
the inner (Galvani) electrical potential, tp. 


The distribution tp(r) and the concentra- 
tion of the charges that fix 1 p(r) therefore 
deserve an over view. In LSE the LE is 
terminated abruptly at the contact with 
the electrode (and at the upper side in 
contact with the atmosphere). Charge is 
transferred, also under equilibrium, from 
the metal electrode into the LE (or vice 
versa) leaving behind the opposite charge 
and thus forming a double layer. In the 
metal the excess or missing charge (in the 
“sea” of electrons) concentrates near the 
M/LE interface, in a very thin layer, less 
than a mono atomic-layer wide. In the LE 
the charge is spread out a little more over 
a length determined by the Debye length, 
ko (which is the inverse of the Debye re- 
ciprocal length, k commonly used in LSE). 
Ad is about 0.3 to 10 nm wide for most 
LEs due to the high concentration of the 
mobile ions. 

In the LE the local dielectric constant at 
the interface may be significantly modified 
as a result of orientation of the water- 
molecule dipole in the electric field of the 
double layer. Furthermore, ions can flow 
to the interface and be adsorbed there, in 
the double-layer region. 

The explanation for the charge transfer 
on contact of the metal and the LE, un- 
der equilibrium, depends on the approach 
taken. Of course, the different explana- 
tions are equivalent. From the SSE point 
of view, the charge in the double layer 
(for zero applied voltage) originates from 
a difference in two properties between the 
electrode material and the LE, the work 
function and the chemical potential of the 
mobile component. For inert metals it is 
only the difference in the electron work 
functions that matters. Electrons are trans- 
ferred until the electrochemical potential 
of the electrons in the metal and the nearby 
LE is the same. Then the potential of zero 
charge, used in LSE, equals the difference 



270 | 2 Electrochemical Doable Layers 

in the work functions (divided by the el- translational symmetry at the surface. Elec- 
ementary charge, q). When the electrode trons or holes trapped at these states cause 
can be dissolved (e.g. a Zn electrode) then a double layer between the trapped charges 
material and electrons are transferred, un- and the opposite charge left behind in the 
til the chemical potential of the material bulk of the semiconductor and distributed 
as well as the electrochemical potentials of nearby [53], Due to quantum effects, elec- 
the corresponding ions and of the electrons trons can be found outside the free surface, 
all are uniform across the interface. This also contributes to a double layer. 

At the free surface of the LE facing in SEs and MIECs of interest the 
the gas phase a double layer can also be contributions to surface charges come 
formed, in analogy to the free surface of a mainly from mobile ions that exist in 
solid, discussed in the following text. Our large concentrations rather than from 
main concern is the interface between the electrons or holes, when they are the 
LE and the metal electrons. minority charge carriers. These ions can 

accumulate or be depleted near the surface 
2. 6.6. 2.2 Inner Electrical Potential in SSE forming a charged layer there (the “core” 
In SSE the situation is somewhat more in Fig. 3a) [54, 55]. The position of the 
complex because of the rigid structure of “core” may vary to be in between the first 
the solid. The Galvani potential distribu- and second atomic layer, within the first 
tion is shown in Fig. 3. Let us start with atomic layer or on the first atomic layer, 
the free surface of a solid. A semicon- The opposite ionic charge left behind in 
ductor may have surface states for the the bulk is distributed nearby. For a core 
electrons because of the breaking of the centered at x c (in Fig. 3), the opposite 
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(a) (b) (c) 

Fig. 3 Distribution of charge and Galvani potential, ip, at a solid interface. x c 
- the position of the core. In (b) and (c) the metal is left ofx = 0. (a) Free 
surface; (b) metal/MlEC interface that contain a core and (c) metal/MlEC 
interface without a core. 
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charge is distributed beyond x\ to the 
right due to the finite size of the ions. In 
the double layer formed one layer is thin, 
of a mono-atomic width and the opposite 
charge is spread out over a few atomic 
distances. 

When an inert metal electrode is ap- 
plied on the SE or MI EC the difference in 
the work functions between the metal and 
the SE/MIEC, contributes an additional 
charge transfer that charges the metal 
surface and changes the charges in the 
SE/MIEC (i.e. in the core and the space 
charge). This modifies the electric poten- 
tial distribution as shown schematically in 
Fig. 3(b). The charge in the metal, which is 
compensated in the SE/MIEC by a change 
in distribution of, mainly, majority ionic 
species, is electronic. The potential dis- 
tribution is different and determined by 
redistribution of the charged species. In 
particular an electric field appears in the 
region between the surface of the metal 
and the core (between x = 0 and .r c in 
Fig. 3b). This region has a width of the or- 
der of 0.1 nm. The field for x > x c is also 
modified. When the electrode applied is 
not inert (e.g. an Ag electrode on Agl), ma- 
terial transfer as well as electron transfer 
occurs. This modifies the concentration of 
ionic defects in the core and in the space 
charge in the SE/MIEC. The distribution 
of tp looks, however, qualitatively as shown 
in Fig. 3(b). 

A simplified situation exists when one 
can neglect the core and the corresponding 
space charge that exists in the free surface 
of a solid (shown in Fig. 3a). Then a 
space charge is formed only due to 
the contact between the SE/MIEC and 
the metal electrode. This situation is 
shown in Fig. 3(c) for an inert metallic 
electrode. This last case is similar to the 
situation in the metal-LE double layer 
in LSE mentioned before, when no ions 


are adsorbed in the double-layer region. 
When ions do exist in this region in LSE 
then Fig. 3(b) is the appropriate analogous 
presentation and the core is the analogue 
of the adsorbed-ions layer. 

When applying a voltage on the EC 
a part rj of this voltage appears across 
the interface and modifies the Galvani 
potential drop there. The modification is 
generated by a change of the double-layer 
charge. 

2 . 6. 6. 3 l-V Relations for Charge-Transfer 
Processes in LSE 

2 . 6 . 6 . 3.1 The Butler-Volmer Equation for 
an Elementary Step Charge-transfer I-V 
relations are given in LSE by the But- 
ler-Volmer type equation. For an elemen- 
tary step in which a species with charge zq 
is transferred, 

I = J 0 ( e (^-P)zqS(Aip)/k B T _ e -PzqS(A<p)/k B T 

(33a) 

where A cp is the difference in the Galvani 
potential across the interface, S(Atp) is 
the deviation of A tp from the equilibrium 
value Aipeq 

8(A(p) = A cp — A<p e q (33b) 

Z is unity for an electron or an ion of 
unit charge, z > 1 for an ion with a larger 
charge. In Eq. (33a) the concentration of 
the species involved are assumed not to be 
altered under current, /o depends on the 
concentration of these species [56]. 

In these I-V relations /J is not neces- 
sarily an integer. This is due to the form 
of the potential barrier the species have 
to overcome. A potential barrier may ex- 
hibit a maximum as shown in Fig. 4(a), 
or be in the form of just one slope as 
shown in Fig. 4(b), which might represent 
a step potential or be one side of a mini- 
mum in the potential shown in Fig. 4(c). 
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Fig. 4 Potential energy barriers of different forms. 



Potential barriers of type (1) may have a 
contribution from the electrical potential 
energy as shown in Figs. 5(b) and (c). This 
then leads to expressions of the form of 
Eq. (33a) with 0 < fi < 1. The parameter 
/3 is associated with the symmetry of the 
potential maximum, therefore /3 is denoted 
as the symmetry factor. 

Let us first see why a potential barrier 
of the form of Fig. 4(a) arises in LSE. 
For ion transfer between the solution 
and the metal electrode, say a solvated 
proton, the position, sufficiently removed 
from the metal electrode, where it is fully 
surrounded with water molecules, is of 
relative low energy. The position in which 
the proton is attached to the metallic elec- 
trode with most of the water molecule 
surrounding it removed, is also of relative 
low energy due to the interaction of the 
proton with the metal. The positions in 
between these two ones are of higher en- 
ergy forming a maximum in the potential 
energy. The barrier may have a contribu- 
tion of electrical potential energy, which 
is linear in position x. The subdivision 
into different energy contributions looks 
qualitatively then, as shown in Figs. 5(b) 
and (c). 

The transfer of a proton from left to 
right over the barrier in Figs. 4(b), 5(b) 
and (c) requires thermal activation and the 
transfer from right to left also requires 


thermal activation but not necessarily 
the same energy. Under equilibrium 
the two transfers (which depend on 
the barrier heights, local concentrations 
of reactants and products and reaction 
constants) exhibit the same rate. The 
electrical potential contribution is, under 
equilibrium, A^ e q (Fig. 5b). Undercurrent 
a deviation 8(Atp) from the equilibrium 
value Aipeq is generated. Part —/38(A(p) 
modifies one side barrier height and a 
part (l-yS)<5 ( Atp) modifies the other side 
barrier height (Fig. 5c). 

When the charge transferred is an 
electron, Eq. (33a) still holds. An example 
for such a reaction is: Hle + + cm - ** 
H ad ,M, where: FLle + is a proton in the 
LE, eu~ an electron in the metal electrode, 
and H adM an hydrogen atom adsorbed 
on the metal electrode. It is not obvious 
that this equation holds for an electron 
transfer as an electron can easily tunnel 
through a potential barrier that is a few A 
wide and only ~1 eV high, as is typically 
the case at the Metal/LE interface [57, 58]. 
However, the barrier that the electron 
has to cross is not the only factor to be 
considered. For tunneling to take place 
the initial and final states of the electron 
have to be degenerate, that is, have the 
same energy. Furthermore, the state the 
electron is transferred to must be empty 
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(c) 

Fig. 5 Potential energies (pP, p, zq<p) in SSE. (a) Inside the SE (or 
M I EC) ; (b) at the SE/electrode interface under equilibrium and (c) 
at the SE/electrode interface under current. 


to be able to receive the electron. It turns 
out that the position of the proton and 
hydrogen atom with the right energy for 
electron tunneling lies at a relative high 
energy and the motion toward that position 
forms a potential barrier similar to the one 
shown in Figs. 5(b) and (c). This results in 
Eq. (33a) also for electron transfer [56]. 

Charge transfer to a neutral species 
that approaches the metal electrode from 
beyond the outer Helmholtz plane, for 
example, O 2 dissolved in the LE, may 
also follow the Butler-Volmer Eq. (33a). 
This is expected to be different from the 
I -V relation for an electron transfer to O 2 
already adsorbed onto the metal (see in the 
following text). 

2. 6 . 6 . 3. 2 The Butler-Volmer Equation for 
Multistep Reactions An over all process at 
an interface consists usually of a series of 


elementary steps some transferring charge 
and some not. The products of one step are 
the reactants for the following step. When 
the charge transfer occurs across exactly 
the same potential difference, A cp then the 
l-V relations can be related through /o 
to the concentrations of the species that 
exist in the first and the last step in the 
series. Taking one elementary step to be 
rate determining (rds) [56], 

/ = jQ^ e a aqS(A<p)/kBT _ e -a c q8(A<p)/k B T j 


Yc . a 

a c = b rf), 

v 

n t ~Yc „ , 

a a = 1- rfi (34b) 

v 

where, « t is the total number of elementary 
charges transferred, y c is the number 
of elementary charges transferred before 
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the rds, r is the number of elementary 
charges transferred in each rds, u is 
the number of times the rds has to be 
repeated to complete one reaction and d 
is the symmetry factor of the rds. Thus, 
for example, r = 1 for an electron being 
transferred; r = 2 for an 0 2 ~ ion being 
transferred; and r = 0 if the rds is a 
chemical reaction without charge transfer. 

2. 6. 6. 4 l-V Relations for Charge-Transfer 
Processes in SSE 

2. 6. 6. 4.1 General Equation (33a) for an 
elementary charge-transfer step has been 
applied in SSE [51, 59-61] as well as 
Eqs. (34a) and (34b) for a multistep reac- 
tion that contains charge transfer [62-65]. 
This application to SSE is justified for ion 
transfer across an interface. However, it 
may be problematic in two cases: (1) The 
transfer of an electron may not be asso- 
ciated with a symmetry factor 0<P<1, 
but rather with /J = 0 or 1. (2) The more 
complicated morphology may not allow 
the application of Eq. (34a) to a multistep 
reaction because the charge transfer ele- 
mentary steps do not occur across exactly 
the same interface. 

2. 6. 6. 4. 2 Ion Transfer Let us first con- 
sider an ion being transferred from one 
solid into the other. The transfer is driven 
by a difference in the electrochemical po- 
tential of the ions across the interface. 
Except for a possible difference in the elec- 
tric field, tp, a difference in the chemical 
potential of the ions may also exist. The 
chemical potential, /x, is composed of the 
standard one, /x°, and the activity term: 

pt = p° + kT ln(a) (35) 

For macroscopic considerations the stan- 
dard chemical potential can be represented 


by the average over a volume of atomic 
size. However, for charge transfer at an 
interface the detailed distribution of the 
energies on an atomic scale must be con- 
sidered, as these exhibit potential barriers 
that the ion has to overcome [66]. 

To be specific let us consider the case of 
dilute defect concentration, [i], so that the 
chemical potential is: 

pi = pi° + kT ln[i] (36) 

where kT ln[i] is contributed by the (config- 
urational) entropy and piP = u + Pv — Ts° 
(where s° is the standard entropy per par- 
ticle) is equal the enthalpy per particle up 
to the constant — Ts°, u is the energy per 
particle, P the pressure and v the vol- 
ume per particle. On the atomic scale, /x° 
varies mainly due to variations in u(x). 
Variation of /x° vs. x are shown schemat- 
ically in Fig. 5(a). The changes within a 
crystalline solid are periodic, on an atomic 
scale. The periodicity ends at the inter- 
face. A potential energy maximum occurs 
at the boundary as follows: the energy of 
the ion exhibits a local minimum at the 
normal site inside the solid and also at an 
interstitial site, the ion is at a local energy 
minimum outside as an adsorbed ion, and 
the energy exhibits a maximum as the ion 
moves between such two minima. The en- 
ergy exhibits a maximum as the ion enters 
the solid, since it has to squeeze in be- 
tween the ions of the solid in the outermost 
atomic layer before it reaches a normal or 
interstitial site inside. The concentration [i] 
is not uniform either. Under equilibrium 
conditions, jl = pt + zqip is uniform with 
variations in kT ln[i] compensating for a 
nonuniformity in pc 0 and zqtp (see Fig. 5b). 
Figure 5(c) shows pt 0 (x ) + zq<p(x), zqtp(x) 
and fi (x) under current with V/x ^ 0. The 
moving ion has to overcome a potential 
barrier of the type shown in Fig. 5(c), and 



2.6 Comparison Between Liquid State and Solid State Electrochemistry 


275 


therefore, the I - V relations have to follow 
Eq. (33a). 

2. 6 . 6 . 4. 3 Electron Transfer For electrons 
the distributions of /x°(.r), /x°(.r) — 

zqcp(x), and Jl(x) are qualitatively similar 
to those for ions as presented schemati- 
cally in Fig. 5. However, the electron can 
tunnel through the potential barrier if 
the initial and final states are degener- 
ate. In LSE a potential of the shape of Figs. 
5(b) and (c) arose due to the motion of 
the ions and atoms involved in the elec- 
tronation and de-electronation process. In 
SSE, however, the motion of the ions is 
much more restricted. One expects, for 
instance, that an ion/atom adsorbed on a 
metal electrode or an ion/atom at the inter- 
face between the two solids (e.g. SE/metal 
electrode) will only oscillate about a mini- 
mum. Thus the electron transfer is over a 
short distance of ~1 A, while the adsorbed 
ion/atom/molecule hardly moves. 

Tunneling to a degenerate state, in 
SSE, requires thermal excitation only in 
one tunneling direction. To see this let 
us consider Fig. 6, which exhibits the 
conduction band of a metal, the Fermi 
level, ep, the upper discrete energy level. 


e a , in an adsorbed atom/ion occupied with 
an electron that is to be transferred to the 
metal and the energy potential barrier, £ p , 
the electron has to tunnel through. In the 
case shown in Fig. 6(a), the energy of the 
electron has to be raised at least by the 
amount £p — £ a to reach degeneracy with 
an empty state in the conduction band 
of the metal to allow tunneling. On the 
other hand, in the case shown in Fig. 6(b), 
the electron can tunnel into a degenerate, 
empty state in the conduction band of 
the metal without thermal excitation. It is 
expected that the potential barrier, fs p , and 
the difference in energy of the electron 
in the metal and in the atom/ion, depend 
on a gradient in the electrical potential 
(not shown). The I-V relations for this 
elementary step are, 

I = Iqf (S(Atp)) 

1 ~ Pr _ Pr c -q8(A<p)/k R T 
1 — Pr.eq Pr.eq 
I = Iqf (S(Atp)) 

1 Z P f c QS(A<p)/k R T _ Pr 
1 — Pr.eq Pr.eq 

(37a) 






Fig. 6 Tunneling of an electron through a potential energy 
barrier into a metal, (a) Thermally assisted tunneling and (b) 
tunneling not requiring thermal excitation. 
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where f(8(Acp)) yields the dependence of 
the tunneling current on the distortion 
in the potential barrier by S(Acp), p r is 
the probability that the acceptor level is 
occupied by an electron and p r e q is p r un- 
der equilibrium. The relevant expression 
depends on the transfer direction being 
thermally activated relative to the polarity 
of the applied voltage. Eq. (37a) also holds 
when the electron is transferred from the 
metal to the atom /ion. The temperature de- 
pendence is given by the exponential term 
exp(±q8(A(p)/k%T). Neglecting the effect 
of 8{A(p) on / and p r , Eq. (37a) reduces to, 

/ = / 0 (1 - e ~qS(*<p)/k B T^ Qr 

/ = Io{e qS(A V )/k B T _ 1} (37b) 

Eq. (37a) is different from Eq. (33a) as one 
term in the brackets does not depend on 
8(A(p). 

2. 6. 6. 4. 4 Further Discussion of Ion and 
Electron Transfer It is questionable if the 
rate of an electron transfer in SSE, from 
a metal to an atom/ion (or vice versa), 
can be slower than an ion transfer at 
the electrode. The electron transfer is by 
tunneling. For a given atom/ion as the 
acceptor (or donor), four factors govern 
the tunneling rate. First, availability of 
the electrons (or of an empty site for 
the reverse transfer). Electrons are ample 
in a metal. Then comes the distance 
for tunneling, the energy barrier height, 
and the energy A e required to achieve 
degeneracy. Let us first compare the 
electron tunneling process in SSE with 
the one in LSE, in which the electron 
tunneling process is different and can be 
rate determining. In LSE the ion is solvated 
and the cloud of solvating molecules keeps 
the ion quite far from the metal electrode. 
In SSE, both the ion and the atom are 
adsorbed onto the metal electrode. This 


is true whether it is the free metal/gas 
interface or the metal/ SE interface. Thus 
the tunneling distance for an electron is 
significantly smaller in SSE (except when 
in LSE the electron transfer is also to a 
species directly adsorbed onto the metal 
electrode. However, the concentration of 
uncharged adsorbed acceptors is expected 
to be relatively low). The energy barrier 
heights are expected to be similar in SSE 
and LSE; however, Ae, the energy required 
to achieve degeneracy is lower than the 
energy barrier height. We therefore expect 
that electron tunneling at the electrode in 
SSE is faster than in LSE. 

For comparing the transfer rate of ions 
and electrons in SSE across a potential 
barrier, let us consider an example of 
oxygen transfer from the gas phase into 
YSZ, first adsorbing onto a metal electrode 
with electron transfer and diffusion to the 
TPB occurring there: 

O 2 > 20 a d > 20~ a( j 

> 20 2 ac ) > 20 2 a d,TPB 

> 20 2 “(YSZ) (38) 

We notice (see Fig. 6) that electron transfer 
in one direction does not require thermal 
excitation at all and in the opposite 
direction it needs only to be excited by 
Ae, a fraction of the energy potential 
barrier £ p , to reach a degenerate state. 
Ae is expected to be also lower than the 
potential barrier that ions have to cross, 
since the later should be similar to the 
total barrier height in £ p of the electrons. 
The high concentration of electrons in 
the metal, the short tunneling distance of 
~0.1 nm, the barrier height of ~1 eV, and 
the relative low value of Ae should result 
in a high value of the exchange current 
/o for electron transfer and Iq should be 
higher than that for ion transfer. Thus if 
charge transfer is found experimentally to 
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be the rate-determining step in SSE then it 
is, most likely, an ion transfer that is rate- 
determining not an electron transfer [60]. 

The electron as well as ion-transfer 
currents depend not only on the rate 
per adsorbed atom/ion but also on the 
atom/ion coverage. If this is low it lowers 
both exchange currents. There can be two 
reasons for low coverage: either another 
elementary step, which governs the supply 
of the atom/ion, is the rate determining 
step, or the equilibrium coverage is low. 
The latter has been suggested for gold 
cathodes on YSZ for oxygen transfer [67]. 
In this case a following rate- determining 
charge-transfer step is, most likely, an ion- 
transfer step. 

The expression for multistep reactions 
assumes that all charge transfers occur 
at a single interface across the same A tp. 
In view of the complexity of the interface 
in SSE the multistep reaction can take 
place spread over different sites with dif- 
ferent Galvani potential differences. If so, 
Eq. (34a) cannot be applied. For instance, 
let us consider the overall reaction in which 
a neutral adsorbed oxygen atom on a metal 
electrode obtains two electrons and finally 
ends inside the SE (for instance, YSZ) at 
an interstitial site: O ad + 2e~ — »■ Oj 2- (SE). 
Let us assume that the series of elemen- 
tary steps involved are: (1) electronation of 
the adsorbed oxygen atom: O ad + e~M -* 
O ad - followed by (2) diffusion along the 
metal, (3) transfer of the ion into the SE 
to an interstitial site, O ad “ — > Oj“(SE), 
and (4) the adding of an electron there: 
Or(SE) + e~(M) -* Oi 2 -(SE). It is obvi- 
ous that charge transfer occurs at four 
different locations (though all are associ- 
ated with the same electrode reaction) with 
different A tp values and Eq. (34a) cannot 
be applied. 

It was argued before that in SSE the 
transfer of electrons is usually rather rapid 


and that a charge-transfer rds is thus due 
to ion transfer. Then there is a negligible 
difference A/7 e at the interface. An overpo- 
tential is still measured because of the way 
overpotentials, q, at the electrodes are mea- 
sured [59, 60, 62, 68]. q is not measured by 
inserting an inert metallic electrode into 
the SE and measuring q with respect to 
the working electrode, that is, at the two 
sides of the interface. Such a measure- 
ment would yield q = —Ajl e /q. Rather, 
the measurement is done between a work- 
ing electrode and a reference electrode put 
on top of the SE exposed to the same 
material (for instance, gas) as the work- 
ing electrode, thus adopting a well-defined 
chemical potential /ix- The overpotential 
then yields changes in the electrochemical 
potential of the ions between the working 
and reference electrodes. 

The way the measurement of the overpo- 
tential is arranged S(Acp) at the rds is equal 
to the measured potential between the 
working electrode and the reversible refer- 
ence electrode, 8(A<p) = q. Then Eq. (33a) 
can be written as, 

I = Jq^-PIwi/IcbT _ e -Pzqr)/k B Tj 

(39a) 

Eq. (34a) as, 

I = l 0 (e a “ qri / k * T - e ~ a cWlk B T^ (39b) 

and Eq. (37b) as 

/ = / 0 (l - er qr,lk bT ) or 
/ = I 0 (e qq ' k * T - 1) (39c) 

2. 6. 6. 4. 5 Relating the Overpotential to a 
Difference in a Chemical or Electrochemical 
Potential If one wants to allocate to S ( A tp) 
a relation to a total driving force, this is not 
trivial. A total driving force is associated 
with a gradient in the electrochemical 
potential of electrons, ions, or of the 
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chemical potential of neutral species. 
For example, for electrons, it is the 
difference in the electrochemical potential 
of the electrons, —8jx e /q = —S(ApL e )/q + 
8(Atp), which is not necessarily S(Atp). 
However, in some cases 8(Apt e ) = 0 and 
—8jl e /q = 8(Atp), as is the case in LSE 
when the electron is exchanged between 
a metal and a redox couple in the LE, 
the redox potential of which is fixed by 
a high concentration of the redox couple, 
as then 8(A/j. e ) = 0 also under current. In 
SSE, on the other hand, 8(Afi e ) = 0, is not 
necessarily the case for electrons injected 
into an SE and electron exchange between 
a metal and adsorbed species. 

A <p may represent 5Aion- For a fixed 
concentration of ionic defects at the 
interface 5Aion = zqS(A(p). Furthermore, 
if electron transfer is fast and 8fl e = 0, 
one can express zq8(Atp ) in terms of 
8/xx = SAion- This yields [51, 60, 68], 

/ = / 0 ( e < j 

2 . 6 . 6. 5 Conclusions for Charge-Transfer 
Processes 

To summarize these results for SSE: If a 
Butler- Volmer I-V relation is observed 
experimentally with a noninteger a a and 
a c , then the rds is most likely an ionic 
charge transfer. It is important to measure 
the I-V relations for both direction of the 
current in order to determine accurately 
cr c and a a . If a a and a c are integers then 
the rds may be one of the following: (1) an 
electron transfer and /3 = 0 or 1; or more 
likely (2) an ion transfer with z = 2 and 
A = 0.5; or (3) the rds is not a charge 
transfer one. We have noticed that in SSE 
a multistep reaction can be spread over 
close but different interfaces in which case 
Eqs. (34a) and (39b) cannot be applied. It 
is safe then to calculate each elementary 
step separately, determine the parameters 


associated with each step and use for the 
charge transfer Eq. (33a) or Eq. (37b) and 
Eq. (39a) orEq. (39c). 8 (Atp) can, in certain 
cases, be related to <5 Ae, ^Aion or 5/xx across 
the interface. 

In LSE the specie adsorbed on the 
metal electrode, M, are in many cases 
neutral ones. Ions are solvated in the 
LE. For example, in the process Cl“(LE) 
— >Cl a( j m + eM - the adsorbed specie is 
neutral Cl. In SSE charged specie are ex- 
pected to be adsorbed in key reactions, for 
example, O a( j _ on Pt is obtained in the re- 
action: O a( j + eM - — » O a d“. Furthermore, 
adsorbed species with different charge may 
coexist. 

We have mentioned that reference elec- 
trodes used for electrode characterization 
in SSE (and LSE) are chemically active 
ones. For determining the distribution of 
Ae in the SE or MIEC, inert metal elec- 
trodes are used [46, 69, 70]. 

2 . 6 . 6. 6 Diffusion 

Diffusion in both LSE and SSE is governed 
by the gradient of the concentrations of 
the relevant species. Owing to the more 
complex morphology of electrodes in SSE, 
the paths for diffusion in SSE are more 
diverse as mentioned before. 

2 . 6.7 

Calvani Potential Distribution versus 
Electrochemical Potential Distribution 

In LSE it is customary to follow the 
distribution of the Galvani potential, tp, 
along the EC. tp changes within the bulk of 
a single phase (except when a supporting 
electrolyte is used) as well as at interfaces. 
The drop at interfaces exists also under 
equilibrium. A detailed discussion of the 
distribution of tp requires the knowledge 
of the specific changes at interfaces for the 
materials involved. 
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In S S E it is customary to follow the distri- 
bution of the electrochemical potential of 
the electrons, jl e , and of the ions, Aion- This 
has the advantage that under equilibrium, 
Ae and Aion are uniform. Furthermore, un- 
der current for a reversible electrode with 
respect to electron transfer: A.jl e = 0 and 
for a reversible electrode with respect to ion 
transfer: A/iion = 0 at the interface. A jl e 
can be directly related to the measurable 
voltage, V, and A/iion + z A/L e to the chem- 
ical potential difference at the electrodes, 
Apx, that can also be measured. 

2 . 6.8 

Heterogeneous Catalysis in SSE 

Catalysis plays an important role in SSE 
as it does in LSE. At low temperatures, 
relevant to LSE, the catalysts are relative 
few, usually, precious metals, such as 
Pt. At elevated temperatures, normally 
encountered in SSE, the reactions are 
accelerated and a wider range of materials 
can serve as catalysts many of them quite 
inexpensive. 

ECs can be used to change the rate 
of chemical reactions. Two modes of 
operation are known. In the first one, 
a reactant is supplied via the SE to 
the working electrode (from a counter 
electrode that serves as a reservoir of the 
material). That reactant reacts with other 
reactants supplied directly to the working 
electrode via the gas phase. The state of the 
material that is transferred through the SE 
(i.e. its chemical potential) is controlled by 
the applied voltage [71]. This controls also 
the reaction rate at the working electrode. 

In the second mode of operation, all the 
reactants are supplied via the gas phase in 
the working electrode compartment. The 
working electrode acts as a catalyst. The 
catalytic activity of the electrode is con- 
trolled by the voltage applied to the EC. The 


supply of ions through the SE is usually 
negligible and does not contribute signifi- 
cantly the reaction. Instead the ions cover 
the electrode material and thus change the 
catalytic activity of the electrode. The ap- 
plied voltage governs that coverage. This 
is the so-called NEMCA effect developed 
by Vayenas and coworkers [72-74]. For ex- 
ample, a cell used for the oxidation of CH 4 
will be: (-)air,Pt|YSZ(0 2 -)|Pt,CH 4 ,0 2 (+) 
where CH 4 reacts with 0 2 supplied to- 
gether with it. The rate of reaction is 
governed by the voltage on the EC, which 
controls the coverage of the working Pt 
electrode by oxygen coming through the 
YSZ SE. 


Although based on the same thermo- 
dynamic principles, LSE and SSE are 
different in many aspects. This arises be- 
cause of difference in material properties, 
morphology, and the geometry of the ECs. 
The differences are in bulk properties of 
the ionic conductors and in the elementary 
steps of electrode processes. Differences 
arise also in applications. Solid state cells 
have an advantage where dry cells are 
required, in microelectronics and at el- 
evated temperatures. Liquid-state devices 
are richer in the variety of ions, which can 
be transported in a large range of LEs, and 
have significant advantage in large pro- 
duction electrochemical plants where high 
volumes of materials have to be processed. 
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Abstract 

This chapter deals with charged poly- 
mers (polyelectrolytes) in solution and at 
surfaces. The behavior of polyelectrolytes 
(PEs) is markedly different from that of 
neutral polymers. In bulk solutions, that 
is, disregarding the surface effect, there are 
two unique features to charged polymers: 
first, owing to the presence of long-ranged 
electrostatic repulsion between charged 
monomers, the polymer conformations 
are much more extended, giving rise to 
a very small overlap concentration and 
high solution viscosity. Second, the pres- 
ence of a large number of counterions 
increases the osmotic pressure of PE solu- 
tions, making such polymers water soluble 
as this is of great importance to many ap- 
plications. At surfaces, the same interplay 
between monomer-monomer repulsion 
and counterion degrees of freedom leads 
to a number of special properties. In par- 
ticular, the adsorption behavior depends 
on both the concentration of polymers and 
the added salt in the bulk. We first de- 
scribe the adsorption behavior of single 
PE molecules and discuss the necessary 
conditions to obtain an adsorbed layer and 
characterize its width. Depending on the 
stiffness of the PE, the layer can be flat and 
compressed or coiled and extended. We 


then proceed and discuss the adsorption 
of PEs from semidilute solutions. Mean- 
field theory profiles of PE adsorption are 
calculated as a function of surface charge 
density (or surface potential), the amount 
of salt in the system, and the charge frac- 
tion on the chains. The phenomenon of 
charge inversion is reviewed and its rel- 
evance to the formation of multilayers is 
explained. The review ends with a short 
overview of the behavior of grafted PEs. 

2.7.1 

Introduction 

PEs are charged macromolecules that are 
extensively studied not only because of 
their numerous industrial applications but 
also from a purely scientific interest [1-4]. 
The most important property of PEs is 
their water solubility giving rise to a 
wide range of nontoxic, environmentally 
friendly, and cheap formulations. On the 
theoretical side, PEs combine the field of 
statistical mechanics of charged systems 
with the field of polymer science and 
offer quite a number of surprises and 
challenges. 

The polymers considered in this review 
are taken as linear and long polymer 
chains, containing a certain fraction of 
electrically charged monomers. Chemi- 
cally, this can be achieved, for example, 
by substituting neutral monomers with 
acidic ones. Upon contact with water, 
the acidic groups dissociate into positively 
charged protons, which bind immediately 
to water molecules, and negatively charged 
monomers. Although this process effec- 
tively charges the polymer molecules, the 
counterions make the PE solution electro- 
neutral on macroscopic length scales. 

The counterions are attracted to 
the charged polymers via long-ranged 
Coulomb interactions, but this physical 



association typically only leads to 
rather loosely bound counterion clouds 
around the PE chains. Because PEs 
are present in a background of a 
polarizable and diffusive counterion 
cloud, there is a strong influence of 
the counterion distribution on the PE 
structure, as will be discussed at length 
in this review. Counterions contribute 
significantly toward bulk properties, such 
as the osmotic pressure, and their 
translational entropy is responsible for the 
generally good water solubility of charged 
polymers. In addition, the statistics of 
PE chain conformations are governed by 
intrachain Coulombic repulsion between 
charged monomers, resulting in more 
extended and swollen conformations of 
PEs as compared to neutral polymers. 

All these factors combined are of great 
importance when considering PE adsorp- 
tion to charged surfaces. We distinguish 
between physical adsorption, where chain 
monomers are attracted to surfaces via 
electrostatic or nonelectrostatic interac- 
tions, and chemical adsorption, where a 
part of the PE (usually the chain end) 
is chemically bound (grafted) to the sur- 
face. In all cases, the long-ranged repulsion 
of the dense layer of adsorbed PEs and 
the entropy associated with the counterion 
distribution are important factors in the 
theoretical description. 

2.7.2 

Neutral Polymers in Solution 

Before reviewing the behavior of charged 
polymers, let us describe some of the 
important ideas underlying the behavior 
of neutral polymer chains in solution. 

2. 7. 2. 1 Flexible Chain Statistics 

The chains considered in this review are ei- 
ther flexible or semiflexible. The statistical 
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thermodynamics of flexible chains is well 
developed and the theoretical concepts can 
be applied with a considerable degree of 
confidence [5-9]. Long and flexible chains 
have a large number of conformations, 
a fact that plays a crucial role in deter- 
mining their behavior in solution. When 
flexible chains adsorb on surfaces, they 
form a diffusive adsorption layer extending 
away from the surface into the solution. 

This is in contrast to semiflexible or rigid 
chains, which can form dense and compact 
adsorption layers. 

The main parameters used to describe a 
flexible polymer chain are the polymeriza- 
tion index N, which counts the number of 
repeat units or effective monomers along 
the chain, and the Kuhn length a, being 
the size of one effective monomer or the 
distance between two neighboring effec- 
tive monomers. The effective monomer 
size ranges from a few A for synthetic 
polymers to a few nanometers for biopoly- 
mers [7]. The effective monomer size a is 
not to be confused with the actual size b 
of one chemical monomer; in general, a 
is greater than b owing to chain stiffen- 
ing effects, as will be explained in detail 
later on. In contrast to other molecules 
or particles, a polymer chain contains not 
only translational and rotational degrees of 
freedom but also a vast number of confor- 
mational degrees of freedom. For typical 
polymers, different conformations are pro- 
duced by torsional rotations of the polymer 
backbone bonds. 

A simple description of flexible chain 
conformations is achieved with the freely 
jointed chain model in which a polymer 
consisting of N + 1 monomers is repre- 
sented by N bonds defined by bond vectors 
r j with j = 1, ... IV. Each bond vector has 
a fixed length |r ; | = a corresponding to 
the Kuhn length, but otherwise is allowed 
to rotate freely. For the freely jointed chain 
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model, the monomer size b equals the 
effective monomer size a, b = a. Fixing 
one of the chain ends at the origin, the po- 
sition of the (k + l)-th monomer is given 
by the vectorial sum 

k 

R/— E r / (D 

7=1 

Because two arbitrary bond vectors are 
uncorrelated in this simple model, the 
thermal average over the scalar product 
of two different bond vectors vanishes, 
(r j ■ ik) = 0 for j / k, while the mean- 
squared bond vector length is simply given 
by (r 2 ) = a 2 . It follows then that the mean- 
squared end-to-end radius is proportional 
to the number of monomers 

K) = Na 2 (2) 

The same result is obtained for the 
mean quadratic displacement of a freely 
diffusing particle and eludes to the same 
underlying physical principle, namely, the 
statistics of Markov processes. 

In Fig. 1(a) we show a snapshot of 
Monte-Carlo simulations of a freely jointed 
chain consisting of 100 monomers, each 
being represented by a sphere of diameter 
b (being equal here to a, the effective 
monomer size). The bar represents a 
length of 10 b, which according to Eq. (2) 
is the average distance between the chain 
ends. Indeed, the end-to-end radius gives 
a good idea of the typical chain radius. 

The freely jointed chain model describes 
ideal Gaussian chains and does not ac- 
count for interactions between monomers 
that are not necessarily close neighbors 
along the backbone. Including these in- 
teractions will give a different scaling 
behavior for long polymer chains. The end- 

to-end radius, R = J {R 2 n ), can be written 
more generally for N 1 as 


R ~ aN" (3) 

For an ideal polymer chain (no interactions 
between monomers), the above result 
implies v = 1/2. This result holds only 
for polymers in which the attraction 
between monomers (as compared with 
the monomer-solvent interaction) cancels 
the steric repulsion (which is due to the 
fact that the monomers cannot penetrate 
each other). This situation can be achieved 
in special solvent conditions called theta 
solvents. 

More generally, polymers in solution can 
experience three types of solvent condi- 
tions, with theta solvent condition being 
intermediate between “good” and “bad” 
solvent conditions. The solvent quality 
depends mainly on the specific chem- 
istry determining the interaction between 
the solvent molecules and monomers. 
It also can be changed by varying the 
temperature. 

The solvent is called good when the 
monomer- solvent interaction is more 
favorable than the monomer-monomer 
one. Single polymer chains in good sol- 
vents have “swollen” spatial configura- 
tions, reflecting the effective repulsion 
between monomers. For good solvents, the 
steric repulsion dominates and the poly- 
mer coil takes a more swollen structure, 
characterized by an exponent v ~ 3/5 [7]. 
This spatial size of a polymer coil is 
much smaller than the extended con- 
tour length L = aN but larger than the 
size of an ideal chain aN 1 / 2 . The rea- 
son for this peculiar behavior is entropy 
combined with the favorable interaction 
between monomers and solvent molecules 
in good solvents. As we will see later, it 
is the conformational freedom of poly- 
mer coils that leads to salient differ- 
ences between polymer and simple liquid 
adsorption. 





Fig. 1 S napshots of Monte-Carlo simulations of a neutral and semiflexible chain 
consisting of N = 100 monomers of diameter b, which defines the unit of length. The 
theoretical end-to-end radius R is indicated by a straight bar. The persistence lengths used 
in the simulations are (a) Iq = 0, corresponding to a freely jointed (flexible) chain, leading 
to an end-to-end radius R/b = 10; (b) Ig/b = 2, leading to R/b = 19.8; (c) l^/b = 10, 
leading to R/b = 42.4; and (d) Co/b = 100, leading to R/b = 85.8. 


In the opposite case of “bad” (sometimes 
calledpoor) solvent conditions, the effective 
interaction between monomers is attrac- 
tive, leading to collapse of the chains and 
to their precipitation from the solution 
(phase separation between the polymer 
and the solvent). It is clear that in this case, 
the polymer size, like any space-filling 
object embedded in three-dimensional 
space, scales as N ~ R^, yielding v = 
1 / 3 . 


2. 7. 2. 2 Semiflexible Chain Statistics 

Beside neglecting monomer -monomer 
interaction, the freely jointed chain model 
does not take into account the chain elas- 
ticity, which plays an important role for 
some polymers, and leads to more rigid 
structures. This stiffness can be conve- 
niently characterized by the persistence 
length l o, defined as the length over which 
the tangent vectors at different locations 
on the chain are correlated. In other words, 
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the persistence length gives an estimate for 
the typical radius of curvature, while tak- 
ing into account thermal fluctuations. For 
synthetic polymers with trans-cis confor- 
mational freedom of the chain backbone, 
the stiffness is due to fixed bond angles 
and hindered rotations around individual 
backbone bonds. This effect is even more 
pronounced for polymers with bulky side 
chains, such as poly-DADMAC, because 
of steric constraints, and the persistence 
length is of the order of a few nanome- 
ters. 

Biopolymers with a more complex struc- 
ture on the molecular level tend to be 
stiffer than simple synthetic polymers. 
Some typical persistence lengths encoun- 
tered in these systems are l o 5 mm 
for tubulin, t o & 20 pm for actin, and 
to ~ 50 nm for double-stranded DNA. Be- 
cause some of these biopolymers are 
charged, we will discuss at length the 
dependence of the persistence length on 
the electrostatic conditions. In some cases 
the main contribution to the persistence 
length comes from the repulsion between 
charged monomers. 

To describe the bending rigidity of 
neutral polymers, it is easier to use a 
continuum model [6], in which one ne- 
glects the discrete nature of monomers. 
The bending energy (rescaled by the ther- 
mal energy, k%T) of a stiff or semiflexible 
polymer of contour length L is given by 



where d 2 r(s)/ds 2 is the local curvature 
of the polymer. We assume here that 
the polymer segments are nonextendable, 
that is, the tangent vectors are always 
normalized, |dr(s) /<Ls | = 1. Clearly, this 
continuum description will only be good 
if the persistence length is larger than the 


monomer size. The mean-squared end-to- 
end radius of a semiflexible chain is known 
and reads [6] 

R 2 = 2t 0 L + 2 ll(e~ L/to - 1) (5) 

where the persistence length is to and the 
total contour length of a chain is L. Two 
limiting behaviors are obtained for R from 
Eq. (5): for long chains, L to, the chains 
behave as flexible ones, R 2 — 21qL; while 
for rather short chains, L <§C l o, the chains 
behave as rigid rods, R — L. Comparison 
with the scaling of the freely jointed chain 
model (Eq. 2) shows that a semiflexible 
chain can, for L to, be described by a 
freely jointed chain model with an effective 
Kuhn length of 

a = 2to (6) 

and an effective number of segments or 
monomers 


In this case the Kuhn length takes 
into account the chain stiffness and is 
independent from the monomer length. 
This monomer size is denoted by b 
whenever there is need to distinguish 
between the monomer size b and the 
persistence length to (or Kuhn length a). 
In Fig. 1 we show snapshots taken from 
Monte-Carlo simulations of a semiflexible 
chain consisting of 100 polymer beads 
of diameter b. The persistence length 
is varied from to = 2b (Fig. lb), over 
to = 10b (Fig. lc), to to = 100b (Fig. Id). 
Comparison with the freely jointed chain 
model (having no persistence length) 
is given in Fig. 1(a) (a = b, to = 0). It is 
seen that as the persistence length is 
increased, the chain structure becomes 
more expanded. The theoretical prediction 
for the average end-to-end radius R (Eq. 5) 
is shown as the black bar on the figure and 



gives a good estimate on typical sizes of 
semiflexible polymers. 


2.7.3 

Properties of Polyelectrolytes in Solution 


For PEs, electrostatic interactions provide 
the driving force for their salient features 
and have to be included in any theoreti- 
cal description. The reduced electrostatic 
interaction between two pointlike charges 
can be written as ziZ 2 i>(r) where 


v(r) = 


k% T sr 


(8) 


is the Coulomb interaction between two 
elementary charges, zi and zi are the va- 
lences (or the reduced charges in units 
of the elementary charge e), and s is 
the medium dielectric constant. Through- 
out this review, all energies are given in 
units of the thermal energy k%T. The in- 
teraction depends only on the distance r 
between the charges. The total electrostatic 
energy of a given distribution of charges 
is obtained from adding up all pairwise 
interactions between charges according 
to Eq. (8). In principle, the equilibrium 
behavior of an ensemble of charged parti- 
cles (e.g. a salt solution) follows from the 
partition function, that is, the weighted 
sum over all different microscopic con- 
figurations, which - via the Boltzmann 
factor - depends on the electrostatic en- 
ergy of each configuration. In practice, 
however, this route is very complicated for 
several reasons: 


1. The Coulomb interaction (Eq. 8) is 
long-ranged and couples many charged 
particles. Electrostatic problems are 
typically many-body problems, even for 
low densities. 

2. Charged objects in most cases are 
dissolved in water. Like any material, 
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water is polarizable and reacts to the 
presence of a charge with polarization 
charges. In addition, and this is by 
far a more important effect, water 
molecules carry a permanent dipole 
moment that partially orients in the 
vicinity of charged objects. Note that 
for water, e 80, so that electrostatic 
interactions and self-energies are much 
weaker in water than in air (where e sa 
1) or some other low-dielectric solvents. 

Still, the electrostatic interactions are 
especially important in polar solvents 
because in these solvents, charges 
dissociate more easily than in unpolar 
solvents. 

3. In biological systems and most indus- 
trial applications, the aqueous solution 
contains mobile salt ions. Salt ions 
of opposite charge are drawn to the 
charged object and form a loosely 
bound counterion cloud around it. They 
effectively reduce or screen the charge 
of the object. The effective (screened) 
electrostatic interaction between two 
charges zie and zie in the presence 
of salt ions and a polarizable sol- 
vent can be written as ziZ 2 ^dh(?'), 
with the Debye- Huckel (DH) poten- 
tial i>dh (r ) given on the linear-response 
level by 


udh (r) = —e~ Kr (9) 

r 


The Bjerrum length Lb is defined as 


f B = 


ek^T 


( 10 ) 


and denotes the distance at which the 
Coulombic interaction between two unit 
charges in a dielectric medium is equal 
to thermal energy (k%T). It is a measure 
of the distance below which the Coulomb 
energy is strong enough to compete with 



288 2 Electrochemical Double Layers 


the thermal fluctuations; in water at room 
temperatures, one finds £ B ^ 0.7 nm. The 
exponential decay is characterized by the 
so-called screening length k _1 , which is 
related to the salt concentration c sa i t by 

k 2 = 87rz 2 £ B c sa it (11) 

where z denotes the valency of the 
screening ions (z : z salt). At physiological 
conditions the salt concentration is c sa i t « 
0.1 M and for monovalent ions (z = 1) this 
leads to k ~ 1 1 nm. 

The so-called DH interaction (Eq. 9) 
embodies correlation effects due to the 
long-ranged Coulomb interactions in a 
salt solution using linear-response theory. 
In the following we estimate the range 
of validity of this approximation using 
simple scaling arguments. The number 
of ions that are correlated in a salt solution 
with concentration c sa i t is of the order 
of n ~ /c _3 c salt , where one employs the 
screening length /r -1 as the scale over 
which ions are correlated. Using the 
definition k 2 = 8jrz 2 f B c sa i t , one obtains 
n ~ (z 2 f B G a u) — 3 ^. The average distance 
between ions is roughly r ~ c sa j t ^ 3 . The 
typical electrostatic interaction between 
two ions in the solution thus is (/ ~ 
z 2 lo/r ~ z 2 £Bcla\ t ’ and we obtain U ~ 
« -2 / 3 . Using these scaling arguments, 
one obtains that either (1) many ions are 
weakly coupled together (i.e. n 1 and 
U <?C 1) or (2) a few ions interact strongly 
with each other (n zzU — 1). In the first 
case, and in the absence of external fields, 
the approximations leading to the DH 
approximation (Eq. 9) are valid. 

The DH approximation forms a conve- 
nient starting point for treating screening 
effects, since (owing to its linear character) 
the superposition principle is valid and the 
electrostatic free energy is given by a sum 


over the two-body potential (Eq.9). How- 
ever, we will at various points in this review 
also discuss how to go beyond the DH ap- 
proximation, for example, in the form of 
the nonlinear Poisson- Boltzmann theory 
(see Sect. 2.7.5) or a box model for the 
counterion distribution (see Sect. 2.7.6). 

2 . 7 . 3.1 Isolated Polyelectrolyte Chains 

We discuss now the scaling behavior of 
a single semiflexible PE in the bulk, in- 
cluding chain stiffness and electrostatic re- 
pulsion between monomers. For charged 
polymers, the effective persistence length 
is increased owing to electrostatic re- 
pulsion between monomers. This effect 
modifies considerably not only the PE be- 
havior in solution but also their adsorption 
characteristics. 

The scaling analysis is a simple exten- 
sion of previous calculations for flexible 
(Gaussian) PEs [10-12]. The semiflexible 
polymer chain is characterized by a bare 
persistence length to and a linear charge 
density r. Using the monomer length b 
and the fraction of charged monomers / 
as parameters, the linear charge density 
can be expressed as r = f/b. Note that 
in the limit where the persistence length 
is small and comparable to a monomer 
size, only a single length scale remains, 
to — a — b. 

Many interesting effects, however, are 
obtained in the general case treating the 
persistence length l o and the monomer 
size b as two independent parameters. 
In the regime where the electrostatic 
energy is weak, and for long enough con- 
tour length L, where L ;$> to, a polymer 
coil will be formed with a radius R un- 
perturbed by the electrostatic repulsion 
between monomers. According to Eq. (5), 
we get R 2 — 2lo L. To estimate when the 
electrostatic interaction will be sufficiently 



strong to swell the polymer coil, we re- 
call that the electrostatic energy (rescaled 
by the thermal energy k%T) of a homoge- 
neously charged sphere of total charge Q 
and radius R is 


W d = 


UbQ 2 

5 R 


( 12 ) 


The exact charge distribution inside the 
sphere only changes the prefactor of order 
unity and is not important for the scaling 
arguments. For a polymer of length L 
and line charge density r, the total charge 
is Q = tL. The electrostatic energy of a 
(roughly spherical) polymer coil is then 


W d ~ f B r 2 L 3 / 2 £ 0 1/2 (13) 


The polymer length at which the electro- 
static self-energy is of order k%T, that is, 
W e i — 1, follows as 

L el ~ l 0 Wor 2 r 2/i (14) 

and defines the electrostatic blob size or 
electrostatic polymer length. We expect a 
locally crumpled polymer configuration if 
L e \ > to, that is, if 

r^to < 1 (15) 


because the electrostatic repulsion be- 
tween two segments of length l o is smaller 
than the thermal energy and is not suf- 
ficient to align the two segments. This 
is in accord with more detailed calcula- 
tions by Joanny and Barrat [11]. A recent 
general Gaussian variational calculation 
confirms this scaling result and in ad- 
dition yields logarithmic corrections [12]. 
Conversely, for 

TsfWo > 1 (16) 


electrostatic chain-chain repulsion is al- 
ready relevant on length scales comparable 
to the persistence length. The chain is 
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expected to have a conformation charac- 
terized by an effective persistence length 
f e ff, larger than the bare persistence length 
to, that is, one expects l e ff > to- 

This effect is clearly seen in Fig. 2, 
where we show snapshots of Monte-Carlo 
simulations of a charged chain of 100 
monomers of size b each and bare persis- 
tence length to/b = 1 and several values 
of/c -1 and r. The number of monomers in 
an electrostatic blob can be written accord- 
ing to Eq. (14) as L d /lo = (r 2 f B fo) _2/3 
and yields for Fig. 2(a) L e \/to = 0.25, 
for Fig. 2(b) L e \/lo = 0.63, for Fig. 2(c) 
L e \/to = 1.6, and for Fig. 2(d) L e \/to = 4. 
Accordingly, in Fig. 2(d) the electrostatic 
blobs consist of four monomers, and the 
weakly charged chain crumples at small 
length scales. A typical linear charge den- 
sity reached with synthetic PEs such as 
Polystyrene sulfonate (PSS) is one charge 
per two carbon bonds (or, equivalently, one 
charge per monomer), and it corresponds 
to r « 4 nm -1 . Since for these highly flex- 
ible synthetic PEs the bare persistence 
length is of the order of the monomer 
size, l o — b, the typical charge parameter 
for a fully charged PE therefore is roughly 
t 2 Io£o » 3 and is intermediate between 
Fig. 2(a and b). Smaller linear charge den- 
sities can always be obtained by replacing 
some of the charged monomers on the 
polymer backbone with neutral ones, in 
which case the crumpling observed in 
Fig. 2(d) becomes relevant. Larger bare 
persistence lengths can be achieved with 
biopolymers or synthetic PEs with a con- 
jugated carbon backbone. 

The question now arises as to what 
are the typical chain conformations at 
much larger length scales. Clearly, they 
will be influenced by the repulsions. 
Indeed, in the persistent regime, obtained 
for > 1, the polymer remains 

locally stiff even for contour lengths larger 
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(d) 


Fig. 2 S napshots of Monte Carlo simulations of a polyelectrolyte chain of N = 100 
monomers of size b, taken as the unit length. In all simulations the bare persistence 
length is fixed at Co/b = 1 , and the screening length and the charge interactions are 
tuned such that the electrostatic persistence length (fosF) is constant and 
fosF /b = 100, see Eq. (18). The parameters used are (a) /b = a/ 50 and r 2 fBfo = 8; 
(b) /c -1 /b = V200 and r 2 f b^o = 2; (c) /b = \/B00 and r 2 f b^o = 1 /2; and 
(d) /c -1 /b = V3200 and z 2 tglo = 1 /8. Noticeably, the weakly charged chains crumple 
at small length scales and show a tendency to form electrostatic blobs. 



than the bare persistence length Iq, and 
the effective persistence length is given by 

^eff — (-0 + ^OSF (17) 

The electrostatic persistence length, first 
derived by Odijk and independently by 


Slcolnick and Fixman, reads [13-15] 

£b r 2 

f-OSF = -±2 (18) 

and is calculated from the electrostatic 
energy of a slightly bent polymer using 
the linearized DH approximation (Eq. 9). 



It is valid only for polymer conformations 
that do not deviate too much from the 
rodlike reference state. The electrostatic 
persistence length gives a sizable contri- 
bution to the effective persistence length 
only for Iosf > fo- This is equivalent to 
the condition 

Ty/I B^O > fo X (19) 

The persistent regime is obtained for 
parameters satisfying both conditions (16) 
and (19). Another regime called the 
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Gaussian regime is obtained in the opposite 
limit of r v/fflfo) < Iqk. 

The electrostatic persistence length is 
visualized in Fig. 3, in which we present 
snapshots of Monte-Carlo simulations of a 
charged chain consisting of 100 monomers 
of size b. The bare persistence length was 
fixed at to = b, and the charge-interaction 
parameter was chosen to be T 2 £^to = 2, 
close to the typical charge density in 
experiments on fully charged synthetic 
PEs. The snapshots correspond to vary- 
ing screening lengths of (1) K _1 /b = a /2, 





Fig. 3 S napshots of Monte-Carlo simulations of a PE chain consisting of N = 1 00 
monomers of size b. In all simulations, the bare persistence length is fixed at 
to/b = 1 and the charge-interaction parameter is chosen to be r 2 f sfo = 2. The 
snapshots correspond to varying screening lengths of (a) /c -1 /b = a/2, leading to an 
electrostatic contribution to the persistence length offosp/^ = T (b) /c -1 /b = a/T 8, 
leading to losr/b = 9; and (c) /c -1 /b = a/200, leading to fosF /b = 1 00. According 
to the simple scaling principle (Eq. 1 7), the effective persistence length in the 
snapshots (a-c) should be similar to the bare persistence length in Fig. 1 (b— d) . 
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leading to an electrostatic contribution 
to the persistence length of fosF = b 
(Fig. 3a), (2) K~ x tb = V?8, or £ 0 sf = % 
(Fig. 3b), and (3) k~ x /b = V200, equiva- 
lent to f osf = 100 b (Fig. 3c). According 
to the simple scaling principle (Eq. 17), 
the effective persistence length in the 
snapshots (Fig. 3a-c) should be simi- 
lar to the bare persistence length in 
Fig. l(b-d), and indeed, the chain struc- 
tures in Figs. 3(c) and 1(d) are very similar. 
Figs. 3(a) and 1(b) are clearly different, al- 
though the effective persistence length 
should be quite similar, mostly because 
of self-avoidance effects that are present in 
charged chains and are discussed in detail 
in Sect. 2. 7. 3. 1.2. 

For the case in which the polymer crum- 
ples on length scales larger than the bare 
bending rigidity, that is, for L e \ > £q or 
TyJ(l b^o) < 1, the electrostatic repulsion 
between polymer segments is not strong 
enough to prevent crumpling on length 
scales comparable to £q, but can give rise 
to a chain stiffening on larger length 
scales, as explained by Khokhlov and 
Khachaturian [10] and confirmed by Gaus- 
sian variational methods [12]. Figure 4 
schematically shows the PE structure in 
this regime, where the chain on small 
scales consists of Gaussian blobs of chain 
length L e i, within which electrostatic in- 
teractions are not important. On larger 
length scales, electrostatic repulsion leads 

Fig. 4 Schematic view of the four 
scaling ranges in the Gaussian- 
persistent regime. On spatial scales 
smaller than R e |, the chain behavior is 
Gaussian; on length scales larger than 
R e l but smaller than £kk, the Gaussian 
blobs are aligned linearly. On length 
scales up to L sw , the chain is 
isotropically swollen with an exponent 
v = 1 /2, and on even larger length 
scales, self-avoidance effects become 
important and v changes to v = 3/5. 


to a chain stiffening, so that the PE forms a 
linear array of electrostatic blobs. To quan- 
tify this effect, one defines an effective line 
charge density of a linear array of electro- 
static blobs with blob size /? e i ~ y/(£oL e \), 



(20) 


Combining Eqs. (18) and (20) gives the 
effective electrostatic persistence length 
for a string of electrostatic blobs. 


«KK 


,1/3.— 2/3 2/3 

K 2 


( 21 ) 



R - L " 
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This electrostatic stiffening is only relevant 
for the so-called Gaussian-persistent regime 
valid for £kk > R e b or equivalently 

T > (i 0 K) 3/2 ( 22 ) 

When this inequality is inverted, the 
Gaussian-persistence regime crosses over 
to the Gaussian one. 

The crossover boundaries (Eqs. 16, 19, 
22) between the various scaling regimes 
are summarized in Fig. 5. We obtain three 
distinct regimes. In the persistent regime, 
for tV (tftlo) > U)K and rV (f B^o) > 1, 
the polymer takes on a rodlike struc- 
ture with an effective persistence length 
larger than the bare persistence length 
and given by the OSF expression (Eq. 18). 
In the Gaussian-persistent regime, for 
rV(fBfo) < 1 and rV(£ B (o) > (fo *0 3/2 , 
the polymer consists of a linear array of 
Gaussian electrostatic blobs, as shown in 
Fig. 4, with an effective persistence length 
(kk larger than the electrostatic blob size 
and given by Eq. (21). Finally, in the Gaus- 
sian regime, for rV(fBfo) < (foK.) 3 / 2 and 
tV ( f b^o) < to*, the electrostatic repul- 
sion does not lead to stiffening effects at 
any length scale. 

The persistence length £rk was also 
obtained from Monte-Carlo simulations 
with parameters shown in Fig. 2(d), where 


chain crumpling at small length scales 
and chain stiffening at large length scales 
occur simultaneously [16-20]. However, 
extremely long chains are needed in order 
to obtain reliable results for the persistence 
length, since the stiffening occurs only at 
intermediate length scales and therefore 
fitting of the tangent -tangent correlation 
function is nontrivial. Nevertheless, sim- 
ulations point to a different scaling than 
that in Eq. (21), with a dependence on the 
screening length closer to a linear one, in 
qualitative agreement with experimental 
results [3], The situation is complicated by 
the fact that more recent theories for the 
single PE chain give different results, some 
confirming the simple scaling results de- 
scribed in Eqs. (18) and (21) [12, 21, 22], 
some confirming Eq. (18) while criticiz- 
ing Eq. (21) [11, 23, 24]. This issue is not 
resolved and is under intense current in- 
vestigation. For multivalent counterions, 
fluctuation effects can even give rise to a 
PE collapse purely due to electrostatic in- 
teractions [25-27], which is accompanied 
by a negative contribution to the effective 
persistence length [28]. 

2. 7. 3. 1.1 Manning Condensation A pe- 
culiar phenomenon occurs for highly 
charged PEs and is known as the Manning 


Fig. 5 Schematic phase diagram of a single 
semiflexible PE in bulk solution with bare persistence 
length £o and line charge density r, exhibiting various 
scaling regimes. High salt concentration and small r 
correspond to the Gaussian regime, where the 
electrostatic interactions are irrelevant. In the 
persistent regime, the polymer persistence length is 
increased, and in the Gaussian-persistent regime, the 
polymer forms a persistent chain of Gaussian blobs as 
indicated in Fig. 4. The broken line indicates the 
Manning condensation, at which counterions 
condense on the polymer and reduce the effective 
polymer line charge density. We use a log-log plot, 
and the various power-law exponents for the crossover 
boundaries are denoted by numbers. 
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condensation of counterions [29, 30]. For a 
rigid PE represented by an infinitely long 
and straight cylinder with a linear charge 
density larger than 

i B r z = 1 (23) 

where z is the counterion valency, it 
was shown that counterions condense 
on the oppositely charged cylinder even 
in the limit of infinite solvent dilution. 
Real polymers have a finite length, and 
are neither completely straight nor in 
the infinite dilution limit [31, 32]. Still, 
Manning condensation has an experi- 
mental significance for polymer solutions 
because thermodynamic quantities, such 
as counterion activities [33] and osmotic 
coefficients [34], show a pronounced sig- 
nature of Manning condensation. Locally, 
polymer segments can be considered as 
straight over length scales comparable 
to the persistence length. The Manning 
condition (Eq. 23) usually denotes a re- 
gion where the binding of counterions to 
charged chain sections begins to deplete 
the solution from free counterions. 

Within the scaling diagram of Fig. 5, the 
Manning threshold (denoted by a vertical 
broken line) is reached typically for charge 
densities larger than the one needed to 
straighten out the chain. This holds for 
monovalent ions provided > l B , as is 
almost always the case. The Manning con- 
densation of counterions will not have 
a profound influence on the local chain 
structure since the chain is rather straight 
already due to monomer-monomer repul- 
sion. A more complete description of var- 
ious scaling regimes related to Manning 
condensation, chain collapse, and chain 
swelling has recently been given [35, 36]. 

2. 7. 3. 1.2 Self-avoidance and Polyelectrolyte 
Chain Conformations Let us now consider 
how the self-avoidance of PE chains comes 


into play, concentrating on the persistent 
regime defined by r (l b l o) > 1. The end- 
to-end radius R of a strongly charged PE 
chain shows three distinct scaling ranges. 
For a chain length L smaller than the 
effective persistence length l e ff, which 
according to Eq. (17) is the sum of the 
bare and electrostatic persistence lengths, 
R grows linearly with the length, R ~ L. 
Self-avoidance plays no role in this case 
because the chain is too short to fold back 
on itself. 

For much longer chains, L 1&, we 
envision a single polymer coil as a solution 
of separate polymer pieces of length 1&, 
and treat their interactions using a virial 
expansion. The second-virial coefficient V 2 
of a rod of length £ e ff and diameter d scales 
as x >2 ~ fgfyd [10].Thechainconnectivityis 
taken into account by adding the entropic 
chain elasticity as a separate term. The 
standard Flory theory [7] for a semiflexible 
chain is based on writing the free energy 
T as a sum of two terms 




R 2 

l e ffL 


+ V2 R 3 


m 2 


(24) 


where the first term is the entropic elastic 
energy associated with swelling a polymer 
chain to a radius R and the second 
term is the second-virial repulsive energy 
proportional to the coefficient V 2 and the 
segment density-squared. It is integrated 
over the volume R i . The optimal radius 
R is calculated by minimizing this free 
energy and gives the swollen radius 



(25) 


with v = 3/5. This swollen radius is 
only realized above a minimal chain 
length L > L sw ~ € tS /v\ ~ Z 3 eS /d 2 . For 
elongated segments with l e y f » d or, 
equivalently, for a highly charged PE, we 



obtain an intermediate range of chain 
lengths £gff < L < L sw for which the 
chain is predicted to be Gaussian and the 
chain radius scales as 

R ~ i^L 1 ' 2 (26) 

For charged chains, the effective rod diam- 
eter d is given in low salt concentrations 
by the screening length, that is, d ~ k~ 1 
plus logarithmic corrections. The condi- 
tion to have a Gaussian scaling range 
(Eq. 26) thus becomes £ e ff » k _ 1 . Within 
the persistent and the Gaussian-persistent 
scaling regimes depicted in Fig. 5, the ef- 
fective persistence length is dominated by 
the electrostatic contribution and given by 
Eqs. (18) and (21), respectively, which in 
turn are always larger than the screen- 
ing length k~ 1 . It follows that a Gaussian 
scaling range (Eq. 26) always exists be- 
low the asymptotic swollen scaling range 
(Eq. 25). This situation is depicted in 
Fig. 4 for the Gaussian-persistent scaling 
regime, where the chain shows two dis- 
tinct Gaussian scaling ranges at the small 
and large length scales. This multihier- 
archical scaling structure is only one of 
the many problems one faces when trying 
to understand the behavior of PE chains, 
be it experimentally, theoretically, or by 
simulations. 

A different situation occurs when the 
polymer backbone is under bad-solvent 
conditions, in which case an intricate inter- 
play between electrostatic chain swelling 
and short-range collapse occurs [37]. Quite 
recently, this interplay was theoretically 
shown to lead to a Rayleigh instability in 
the form of a necklace structure consist- 
ing of compact beads connected by thin 
strings [38-41]. Small-angle X-ray scatter- 
ing on solvophobic PEs in a series of polar 
organic solvents of various solvent quality 
could qualitatively confirm these theoreti- 
cal predictions [42]. 
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2. 7. 3. 2 Dilute Polyelectrolyte Solutions 

It is natural to generalize the discus- 
sion of single-chain behavior to that of 
many PE chains at dilute concentrations. 

The dilute regime is defined by c m < c^, 
where c ra denotes the monomer con- 
centration (per unit volume) and is 
the concentration where individual chains 
start to overlap. Clearly, the overlap con- 
centration is reached when the average 
bulk monomer concentration exceeds the 
monomer concentration inside a polymer 
coil. To estimate the overlap concentra- 
tion <4, we simply note that the average 
monomer concentration inside a coil with 
radius R — bN v is given by 

4 - ^ (27) 


For ideal chains with v = 1/2, the over- 
lap concentration scales as cjjj ~ N~ 1 / 2 
and thus decreases slowly as the polymer- 
ization index N increases. For rigid poly- 
mers with v = 1, the overlap concentration 
scales as ~ N ~ 2 and decreases strongly 
as N increases. This means that the dilute 
regime for stiff PE chains corresponds 
to extremely low monomer concentra- 
tions. For example, taking a monomer size 
b = 0.254 nm and a polymerization index 
of N = 10 4 , the overlap concentration be- 
comes cjjj « 6 x 1(T 7 nm -3 « 10“ 3 mM, 
which is a very small concentration. 

The osmotic pressure in the dilute 
regime in the limit c m — »■ 0 is given by 


FI f Cm C m 

k^f ~ — + ~N 


(28) 


and consists of the ideal pressure of non- 
interacting counterions (first term) and 
polymer coils (second term). Note that 
since the second term scales as (V -1 , it 
is quite small for large N and can be 
neglected. Hence, the main contribution 
to the osmotic pressure comes from the 
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counterion entropy. This entropic term ex- 
plains also why charged polymers can be 
dissolved in water even when their back- 
bone is quite hydrophobic. Precipitation 
of the PE chains will also mean that the 
counterions are confined within the pre- 
cipitate. The entropy loss associated with 
this confinement is too large and keeps the 
polymers dispersed in solution. In con- 
trast, for neutral polymers there are no 
counterions in solution. Only the second 
term in the osmotic pressure exists and 
contributes to the low osmotic pressure of 
these polymer solutions. In addition, this 
can explain the trend toward precipitation 
even for very small attractive interactions 
between neutral polymers. 

2. 7. 3. 3 Semidiiute Polyelectrolyte Solution 

In the semidiiute concentration regime, 
c m > c^j, different polymer coils are 
strongly overlapping, but the polymer so- 
lution is still far from being concentrated. 
This means that the volume fraction of the 
monomers in solution is much smaller 
than unity, b 3 c m 1. In this concentra- 
tion range, the statistics of counterions and 
polymer fluctuations are intimately con- 
nected. One example in which this feature 
is particularly prominent is furnished by 
neutron and X-ray scattering from semidi- 
iute PE solutions [43-48]. 

The structure factor S(q) shows a 
pronounced peak, which results from 
a competition between the connectivity 
of polymer chains and the electrostatic 
repulsion between charged monomers, as 

Fig. 6 Schematic view of the chain 
structure in the semidiiute 
concentration range. The mesh size £ is 
about equal to the effective polymer 
persistence length i e ff and to the 
screening length /c _1 (if no salt is added 
to the system). 


will be discussed below. An important 
length scale, schematically indicated in 
Fig. 6, is the mesh size or correlation 
length |, which measures the length 
below which entanglement effects between 
different chains are unimportant. The 
mesh size can be viewed as the polymer 
(blob) scale below which single-chain 
statistics are valid. A semidiiute solution 
can be thought of being composed of 
roughly a close-packed array of polymer 
blobs of size §. 

The starting point for the present 
discussion is the screened interaction 
between two charges immersed in a 
semidiiute PE solution containing charged 
polymers, their counterions, and, possibly, 
additional salt ions. Screening in this case 
is produced not only by the ions but also 
by the charged chain segments that can 
be easily polarized and shield any free 
charges. 

Using the random-phase approximation 
(RPA), the effective DH interaction can be 
written in Fourier space as [49, 50] 




urpaO?) = 


1 + VlCmSoiq) 

Cmf 2 So(q) + v D h(q) + V 2 C m v^l i (q)So(q) 

(29) 

recalling that c m is the average density 
of monomers in solution and / is the 
fraction of charged monomers on each of 
the PE chains. The second- virial coefficient 
of monomer-monomer interactions is V 2 
and the single-chain form factor (discussed 
below) is denoted by So(q). In the case 
in which no chains are present, c m = 0, 
the RPA expression reduces to crpa(^) = 
pdh(^ ), the Fourier-transform of the DH 
potential of Eq. (9), given by 

4tt£b 

PDH(cy) = (30) 

q z + k l 

As before, /c -1 is the DH screening length, 
which is due to all mobile ions. We 
can write k 2 = k 2 ^ + 4jrzlBfc m , where 
k\ = Stt BC sa it describes the screen- 
ing due to added salt of valency z : z 
and concentration c sa i t , and the second 
term describes the screening due to 
the counterions of the PE monomers. 
Within the same RPA approximation, the 
monomer -monomer structure factor S(q ) 
of a polymer solution with monomer den- 
sity c m is given by [49, 50] 

i ? S^ 1 (q) 

S~\q) = f 2 v DH (q) + -5—?- + P 2 

c m 

(31) 

The structure factor (or scattering func- 
tion) only depends on the form factor of 
an isolated, noninteracting polymer chain, 
So(q), the second-virial coefficient, V 2 , the 
fraction / of charged monomers, and the 
interaction between monomers, which in 
the present case is taken to be the DH 
potential pdh(^)- The structure factor of 
a noninteracting semiflexible polymer is 
characterized, in addition to the monomer 
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length b, by its persistence length f e g\ In 
general, this form factor is a complicated 
function that cannot be written down in 
closed form [51, 52]. However, one can 
separate between three different ranges of 
wave numbers q, and within each range 
the form factor shows a rather simple scal- 
ing behavior, namely, 



(32) 

For small wave numbers the polymer 
acts like a point scatterer, while in the 
intermediate wave number regime the 
polymer behaves like a flexible, Gaussian 
polymer, and for the largest wave numbers 
the polymer can be viewed as a stiff rod. 

One of the most interesting features of 
semidilute PE solutions is the fact that the 


structure factor S(q) shows a pronounced 
peak. For weakly charged PEs, the peak po- 
sition scales as q ~ c^ 4 with the monomer 
density [45], in agreement with the afore- 
mentioned RPA results for charged poly- 
mers [49, 50], We now discuss the scaling 
of the characteristic scattering peak within 
the present formalism. The position of the 
peak follows from the inverse structure 
factor (Eq. 31), via dS~ 1 (q)/dq = 0, which 
leads to the equation 


q 2 + /Cg alt + Anzlvfcm 

_ / 8jrq(.zf 2 c m \ 1 
~ \ dS^(q)/dq) 


In principle, there are two distinct scaling 
behaviors possible for the peak, depending 
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on whether the chain form factor of 
Eq. (32) exhibits flexible-lilce or rigid-like 
scaling. Concentrating now on the flexible 
case, that is, the intermediate q -range in 
Eq. (32), the peak of S(q) scales as 


Ht /' 4 < m) 


in agreement with experimental results. A 
peak is only obtained if the left-hand side of 
Eq. (33) is dominated by the c/ -dependent 
part, that is, if (q* ) 2 > 4it + Anzlvfc m- 
In Fig. 7(a) we show density-normalized 
scattering curves for a PE solution char- 
acterized by the persistence length £ e g- = 
1 nm (taken to be constant and thus inde- 
pendent of the monomer concentration), 
with monomer length b = 0.38 nm (as ap- 
propriate for poly-DADMAC) and charge 


fraction / = 0.5 and with no added salt. 
As the monomer density decreases (bot- 
tom to top in the figure), the peak moves 
to smaller wave numbers and sharpens, in 
agreement with previous implementations 
of the RPA. In Fig. 7(b) we show the same 
data in a different representation. Here we 
clearly demonstrate that the large-g region 
already is dominated by the 1 /q behavior 
of the single-chain structure factor, So(q)- 
Since neutron-scattering data easily extend 
to wave numbers as high as q ~ 5nm -1 , 
the stiff rodlike behavior in the high q- 
limit, exhibited on such a plot, will be 
important in interpreting and fitting ex- 
perimental data even at lower q -values. 

In a semidilute solution there are three 
different, and in principle, independent 
length scales: the mesh size £, the 




Fig. 7 (a) RPA prediction for the 

rescaled structure factor S(q)/c m of a 
semidilute PE solution with persistence 
length l e ff = 1 nm, monomer length 
b = 0.38 nm, and charge fraction 
f = 0.5 in the salt-free case. The 
monomer densities are (from bottom to 
top) c m = 1 M, 0.3 M, lOmM, 3 mM, 

1 mM, and 0.3 mM. (b) For the same 
series of c m values as in (a), the 
structure factor is multiplied by the wave 
number q. The semiflexibility becomes 
more apparent because for large q the 
curves tend toward a constant. 





screening length k~ 1 , and the persistence 
length In the absence of added salt, 
the screening length scales as 

K- 1 ~ ( ZlBfCm)- 1 ' 2 (35) 

Assuming that the persistence length is 
larger or of the same order of magnitude as 
the mesh size, as is depicted in Fig. 6, the 
polymer chains can be thought of straight 
segments between different crossing links. 
Denoting the number of monomers inside 
a correlation blob as g, this means that f ~ 
bg. The average monomer concentration 
scales as c m ~ g/f 3 , from which we 
conclude that 

? ~ (k m )“ 1/2 (36) 

Finally, the persistence length within a 
semidilute PE solution can be calculated 
by considering the electrostatic energy cost 
for slightly bending a charged rod. In PE 
solutions, it is important to include in 
addition to the screening by salt ions the 
screening due to charged chain segments. 
This can be calculated by using the RPA 
interaction (Eq. 29). Since the screening 
due to polymer chains is scale-dependent 
and increases for large separations, a q- 
dependent instability is encountered and 
leads to a persistence length [53] 

f osf ~ (bc m )~ 1/2 (37) 

where the “sd” superscript stands for 
“semidilute.” This result is a generaliza- 
tion of the OSF result for a single chain 
and applies to semidilute solutions. Com- 
paring the three lengths, we see that 

* ~ *osf ~ ^|^ K ~ 1 < 38 ) 

Since the prefactor for syn- 

thetic fully charged polymers is roughly 
of order unity, one finds that for salt-free 
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semidilute PE solutions, all three length- 
scales scale in the same manner with c m , 
namely, as ~ c m ^ 2 , as is known also from 
experiments [43, 44, 54] and previous theo- 
retical calculations [55, 56]. In simulations 
of many PE chains, the reduction of the 
chain size due to screening by PE chains 
was clearly seen [57-60], 

2.7.4 

Adsorption of a Single Polyelectrolyte Chain 

After reviewing bulk properties of PE 
solutions, we elaborate on the adsorption 
diagram of a single semiflexible PE on an 
oppositely charged substrate. In contrast 
to the adsorption of neutral polymers, the 
resulting phase diagram shows a large 
region where the adsorbed polymer is 
flattened out on the substrate and creates 
a dense adsorption layer. 

Experimentally, the adsorption of char- 
ged polymers on charged or neutral sub- 
strates has been characterized as a function 
of the polymer charge, chemical com- 
position of the substrate, pH, and ionic 
strength of the solution [61, 62], as well as 
the substrate charge density [63-68]. Re- 
peated adsorption of anionic and cationic 
PEs can lead to well-characterized mul- 
tilayers on planar [69-74] and spherical 
substrates [75-77]. Theoretically, the ad- 
sorption of PEs on charged surfaces 
poses a much more complicated prob- 
lem than the corresponding adsorption 
of neutral polymers. The adsorption pro- 
cess results from a subtle balance between 
electrostatic repulsion between charged 
monomers, leading to chain stiffening, 
and electrostatic attraction between the 
substrate and the polymer chain. The 
adsorption problem has been treated the- 
oretically employing the uniform expan- 
sion method [78] and various continuous 
mean-field theories [79-83]. In all these 
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works, the polymer density is taken to 
be constant in directions parallel to the 
surface. 

The adsorption of a single semiflexible 
and charged chain on an oppositely 
charged plane [84] can be treated as a 
generalization of the adsorption of flexible 
polymers [85]. A PE characterized by the 
linear charge density r is subject to 
an electrostatic potential created by a, 
the homogeneous surface charge density 
(per unit area). Because this potential 
is attractive for an oppositely charged 
substrate, we consider it as the driving 
force for the adsorption. More complex 
interactions are neglected. They are due to 
the dielectric discontinuity at the substrate 
surface and are due to the impenetrability 
of the substrate for salt ions. 

An ion in solution has a repulsive 
interaction from the surface when the 
solution dielectric constant is higher than 
that of the substrate. This effect can lead to 
desorption for highly charged PE chains. 
On the contrary, when the substrate is 
a metal, there is a possibility to induce 
PE adsorption on noncharged substrates 
or on substrates bearing charges of the 
same sign as the PE. See Ref. [84] for more 
details. 

Within the linearized DH theory, the 
electrostatic potential of a homogeneously 
charged plane is 

VplaneM = \n 1*0 K~ X Z~ KX (39) 

Assuming that the polymer is adsorbed 
over a layer of width 8 smaller than 
the screening length k _ 1 , the electrostatic 
attraction force per monomer unit length 
can be written as 

/att = -47ze B crT (40) 

We neglect nonlinear effects due to coun- 
terion condensation. They are described 


by the Gouy-Chapman (GC) theory for 
counterion distribution close to a charged 
surface. Although these effects are clearly 
important, it is difficult to include them 
systematically, and we remain at the lin- 
earized DH level. 

Because of the confinement in the 
adsorbed layer, the polymer feels an 
entropic repulsion. If the layer thickness 
8 is much smaller than the effective 
persistence length of the polymer, £ e ff, 
as depicted in Fig. 8(a), a new length scale, 
the so-called deflection length X, enters the 
description of the polymer statistics. The 
deflection length X measures the average 
distance between two contact points of 
the polymer chain with the substrate. As 
shown by Odijk, the deflection length 
scales as X ~ 8 2 ^l l J^ and is larger than 
the layer thickness 8 but smaller than 
the persistence length f e g- [86, 87]. The 
entropic repulsion follows in a simple 
manner from the deflection length by 
assuming that the polymer loses roughly 
a free energy of one k%T per deflection 
length. 

On the other hand, if 8 > l e g- , as shown 
in Fig. 8(b), the polymer forms a random 
coil with many loops within the adsorbed 
layer. For a contour length smaller than 
L ~ S 2 /l e ff, the polymer obeys Gaussian 
statistics and decorrelates into blobs with 
an entropic cost of one k$ T per blob. The 
entropic repulsion force per monomer unit 
length is thus [86, 87] 

f „ { 5 “ 5 / 3 £ eff /3 for S « £ eff 

(41) 

where we neglected a logarithmic correc- 
tion factor that is not important for the 
scaling arguments. As shown in the pre- 
ceding section, the effective persistence 
length l e ff depends on the screening 
length and the line charge density; in 
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Fig. 8 (a) Schematic picture ofthe 

adsorbed polymer layer when the 
effective persistence length is larger 
than the layer thickness, t e $ > 8. The 
distance between two contacts ofthe 
polymer with the substrate, the so-called 
deflection length, scales as 
k ~ 8 2 ^ . (b) Adsorbed layer for the 

case when the persistence length is 
smaller than the layer thickness, 

£ e ff < 8. In this case the polymer forms 
a random coil with many loops and a 
description in terms of a flexible 
polymer model becomes appropriate. 



8 



essence, one has to keep in mind that 
£ e ff is larger than £ o for a wide range of pa- 
rameters because of electrostatic stiffening 
effects. 

The situation is complicated by the 
fact that the electrostatic contribution to 
the persistence length is scale-dependent 
and decreases as the chain is bent at 
length scales smaller than the screening 
length. This leads to modifications of 
the entropic confinement force (Eq. 41) 
if the deflection length is smaller than 
the screening length. As can be checked 
explicitly, all results reported here are not 
changed by these modifications. 

The equilibrium layer thickness follows 
from equating the attractive and repulsive 
forces (Eqs. 40 and 41). For rather stiff 
polymers and small layer thickness, 8 < 
/c _1 < £ e ff, we obtain 

s ~ Uzctt i£r ys ( 42 ) 

For a layer thickness corresponding to 
the screening length, 8 k - 1 , scaling 

arguments predict a rather abrupt desorp- 
tion transition [84], This is in accord with 
previous transfer-matrix calculations for 
a semiflexible polymer bound by short- 
ranged (square-well) potentials [88-91]. 
Setting 8 ~ at -1 in Eq. (42), we obtain an 
expression for the adsorption threshold 


(for /c£ e ff > 1) 


r 5 /3 


t£b 


(43) 


For a > a * , the polymer is adsorbed and 
localized over a layer with a width smaller 
than the screening length (and with the 
condition l e ff > /c _1 also satisfying 8 < 
£ e ff). As a is decreased, the polymer 
abruptly desorbs at the threshold a = cr*. 
In the Gaussian regime, the effective 
persistence length £ e g- is given by the bare 
persistence length £q and the desorption 
threshold is obtained by replacing l e ff by 
to in Eq. (43), that is. 


, 5 /3 


r 


(44) 


In the persistent regime, we have £ e ff ~ 
fosF with f osf given by Eq. (18). The ad- 
sorption threshold follows from Eq. (43) as 


,7/3 


z 5 /H % 3 


(45) 


Finally, in the Gaussian-persistent regime, 
we have an effective line charge density 
from Eq. (20) and a modified persis- 
tence length (Eq. 21). For the adsorption 
threshold, we obtain from Eq. (43) 
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r 5 /9^/9 


(46) 


Let us now consider the opposite limit, 
L e ff < k~ 1 . From Eq. (42), we see that the 
layer thickness S is of the same order 
as £ e ff for ~ 1, at which point 

the condition 8 <§C l e ff used in deriving 
Eq. (42) breaks down. If the layer thickness 
is larger than the persistence length but 
smaller than the screening length, £ e fy < 
8 < re -1 , the prediction for <5 obtained from 
balancing Eqs. (40) and (41) becomes 


8 


l e ff \ 

fficrr / 


1/3 


(47) 


From this expression we see that 8 has the 
same size as the screening length k _ 1 for 


leff*' 3 

tIb 


(48) 


This in fact denotes the location of a 
continuous adsorption transition at which 
the layer grows to infinity. The scaling 
results for the adsorption behavior of 


a flexible polymer (Eqs. 47-48) are in 
agreement with previous results [78]. 

In Fig. 9 we show the desorption transi- 
tions and the line at which the adsorbed 
layer crosses over from being flat, 8 < £ e ff, 
to being crumpled or coiled, 8 > f e g\ The 
underlying PE behavior in the bulk, as 
shown in Fig. 5, is denoted by broken lines. 
We obtain two different phase diagrams, 
depending on the value of the parameter 

E = oT 3/2 f 3/2 (49) 

For strongly charged surfaces, E > 1, we 
obtain the phase diagram as in Fig. 9(a), 
and for weakly charged surfaces, E < l,as 
in Fig. 9(b). We see that strongly charged 
PEs, obeying tV(IoIb) > 1, always adsorb 
in flat layers. The scaling of the desorption 
transitions is in general agreement with 
recent computer simulations of charged 
PEs [92], 

2. 7.4.1 Adsorption on Curved Substrates 

Adsorption of PEs on curved sub- 
strates is of importance because PEs are 



Fig. 9 Adsorption scaling diagram shown on a log-log plot for (a) strongly charged 
surfaces, E = at 0 l B ' > 1 , and for (b) weakly charged surfaces, E < 1 . We find a 
desorbed regime, an adsorbed phase in which the polymer is flat and dense, and an 
adsorbed phase in which the polymer shows loops. It is seen that a fully charged PE is 
expected to adsorb in a flat layer, whereas charge-diluted PEs can form coiled layers with 
loops and dangling ends. The broken lines denote the scaling boundaries of PE chains in 
the bulk as shown in Fig. 5. The numbers on the lines indicate the power-law exponents of 
the crossover boundaries between the regimes. 
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Fig. 10 Numerically determined 
adsorption diagram for a charged 
semiflexible polymer of length 
L = 50 nm, linear charge density 
r = 6 nm' 1 , persistence length 
lo = 30 nm, interacting with an 
oppositely charged sphere of radius 
Rp = 5 nm. Shown is the main 
transition from the unwrapped 
configuration (at the bottom) to the 
wrapped configuration (at the top) as 
a function of sphere charge Z and 
inverse screening length k. Wrapping 
is favored at intermediate salt concen- 
trations. The parameters are chosen 
for the problem of DNA-histone com- 
plexation. (Adapted from Ref. [99].) 



widely used to stabilize colloidal suspen- 
sions [93] and to fabricate hollow poly- 
meric shells [75-77]. When the curvature 
of the small colloidal particles is large 
enough, it can lead to a much more 
pronounced effect for PE adsorption as 
compared with neutral polymer. This is 
mainly due to the fact that the electrostatic 
energy of the adsorbed PE layer depends 
sensitively on curvature [94-98]. Bending 
a charged polymer around a small sphere 
costs a large amount of electrostatic en- 
ergy, which will disfavor adsorption of 
long, strongly charged PE at very low salt 
concentrations. 

In Fig. 10 we show the adsorption phase 
diagram of a single stiff PE of finite length 
that interacts with an oppositely charged 
sphere of charge Z (in units of e ). The 
specific parameters were chosen as ap- 
propriate for the complexation of DNA (a 
negatively charged, relatively stiff biopoly- 
mer) with positively charged histone pro- 
teins, corresponding to a DNA length of 
L = 50 nm, a chain persistence length of 
l o = 30 nm, and a sphere radius of R p = 
5 nm. The phase diagram was obtained by 
minimization of the total energy including 
bending energy of the DNA, electrostatic 


attraction between the sphere and the 
DNA, and electrostatic repulsion between 
the DNA segments with respect to the 
chain configuration [99]. Configurational 
fluctuations away from this ground state 
are unimportant for such stiff polymers. 

We show in Fig. 10 the main transition 
between an unwrapped state, at low sphere 
charge Z, and the wrapped state, at large 
sphere charge Z. It is seen that at values 
of the sphere charge between Z = 10 and 
Z = 130, the wrapping only occurs at in- 
termediate values of the inverse screening 
length k ~ At low salt concentrations 
(lower left corner in the phase diagram), 
the self-repulsion between DNA segments 
prevents wrapping, while at large salt 
concentrations (lower right corner in the 
diagram), the electrostatic attraction is not 
strong enough to overcome the mechani- 
cal bending energy of the DNA molecule. 
These results are in good agreement 
with experiments on DNA/histone com- 
plexes [100], Interestingly, the optimal salt 
concentration, where a minimal sphere 
charge is needed to wrap the DNA, oc- 
curs at physiological salt concentration, 
for at -1 sa 1 nm. For colloidal particles 
of larger size and for flexible synthetic 
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polymers, configurational fluctuations be- 
come important. They have been treated 
using a mean-field description in terms 
of the average monomer density profile 
around the sphere [101, 102]. 

2.7.5 

Adsorption from Semidilute Solutions 

So far we have been reviewing the 
behavior of single PE chains close to a 
charged wall (or surface). This will now 
be extended to include adsorption of PEs 
from bulk (semidilute) solutions having 
a bulk concentration c^. As before, the 
chains are assumed to have a fraction 
/ of charged monomers, each carrying 
a charge e, resulting in a linear charge 
density r = f/b on the chain. The solution 
can also contain salt (small ions) of 
concentration c sa i t , which is directly related 
to the DH screening length, k~ 1 . For 
clarity purposes, the salt is assumed to be 
monovalent (z = 1) throughout Sect. 2.7.5. 

We will consider adsorption only onto 
a single flat and charged surface. Clearly, 
the most important quantity is the profile 
of the polymer concentration c m (x) as 
function of x, the distance from the wall. 
Another useful quantity is the polymer 
surface excess per unit area, defined as 

7*00 

r = / [Cm(x)-C b m ] dx (50) 
Jo 

Related to the surface excess F is the 
amount of charges (in units of e) carried 
by the adsorbing PE chains, /T. In 
some cases the polymer carries a higher 
charge (per unit area) than the charged 
surface itself, /F > a , and the surface 
charge is overcompensated by the PE, 
as we will see later. This does not 
violate charge neutrality in the system 
because of the presence of counterions 
in solution. 


In many experiments, the total amount 
of polymer surface excess F is measured 
as a function of the bulk polymer concen- 
tration, pH, and/or ionic strength of the 
bulk solution [103-110]. For reviews see, 
for example, Refs. [61, 62, 111, 112]. More 
recently, spectroscopy [105] and ellipsom- 
etry [109] have been used to measure the 
width of the adsorbed PE layer. Other tech- 
niques such as neutron-scattering can be 
employed to measure the entire profile 
c m (x) of the adsorbed layer [113, 114]. 

In spite of the difficulties in treating 
theoretically PEs in solution because of 
the delicate interplay between the chain 
connectivity and the long range nature 
of electrostatic interactions [1, 9, 115, 
116], several simple approaches treating 
adsorption exist. 

One approach is a discrete multi-Stern 
layer model [117-121], where the system 
is placed on a lattice whose sites can 
be occupied by a monomer, a solvent 
molecule, or a small ion. The electrostatic 
potential is determined self-consistently 
(mean-field approximation) together with 
concentration profiles of the polymer and 
small ions. 

In another approach, the electrostatic 
potential and the PE concentration 
are treated as continuous functions [78, 
80-82, 122-125]. These quantities are 
obtained from two coupled differential 
equations derived from the total free 
energy of the system. We will review 
the main results of the latter approach, 
presenting numerical solutions and 
scaling arguments of the mean-field 
profiles. 

2. 7. 5.1 Mean-field Theory and its Profile 
Equations 

The charge density on the polymer 
chains is assumed to be continuous and 
uniformly distributed along the chains. 



Further treatments of the polymer charge 
distribution (annealed and quenched mod- 
els) can be found in Refs. [81, 82, 123], 

Within mean-field approximation, the 
free energy of the system can be ex- 
pressed in terms of the local electrostatic 
potential i//(r), the local monomer concen- 
tration c m (r), and the local concentration 
of positive and negative ions c^r). The 
mean-field approximation means that the 
influence of the charged surface and the 
interchain interactions can be expressed 
in terms of an external potential that will 
determine the local concentration of the 
monomers, c m (r). This external potential 
depends both on the electrostatic potential 
and on the excluded volume interactions 
between the monomers and the solvent 
molecules. The excess free energy with re- 
spect to the bulk can then be calculated 
using another important approximation, 
the ground state dominance. This ap- 
proximation is used often for neutral 
polymers [9] and is valid for very long poly- 
mer chains, N 1. It is then convenient 
to introduce the polymer order parameter 
<j>(r), where c m (r) = |(/>(r)| 2 , and to express 
the adsorption free energy T in terms of 
(j) and \ji (and in units of k%T) [80-82, 
122-124] 

F= f dr{ F po ] (r) + F ions (r) + F el (r)} 

(51) 

The polymer contribution is 
a 2 1 

^pol(r) = — |V0 | 2 + -V2{^ - 4>l) 

- txp^ 2 - <&) (52) 

where the first term is the polymer elastic 
energy. Throughout this section we restrict 
ourselves to flexible chains and treat the 
Kuhn length a and the effective monomer 
size b as the same parameter. The second 
term is the excluded volume contribution 
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where the second-virial coefficient t >2 is of 
order a 3 . The last term couples the system 
to a polymer reservoir via a chemical 
potential n p , and 4>b = \fc^ \ is related to 
the bulk monomer concentration, c^. 

The entropic contribution of the small 
(monovalent) ions is 

^ions(r) = J2i C ' ln C ‘ ~ c ‘ ~ C S altlnc sa it 

i=zL 

T ^ sa It] b (c — C sa lt) (53) 

where c' (r) and fi' are, respectively, 
the local concentration and the chemical 
potential of the i = ± ions, while c sa i t is 
the bulk concentration of salt. 

Finally, the electrostatic contributions 
(per A'b T) are 



energies of the monomers, the positive 
ions, and the negative ions, respectively; 
/ is the fractional charge carried by 
one monomer. The last term is the self- 


energy of the electric field where s is 
the dielectric constant of the solution. 


Note that the electrostatic contribution 


(Eq. 54) is equivalent to the well-known 
result: {s/?>7zk^T) J dr|V^| 2 plus surface 
terms. This can be seen by substituting the 
Poisson- Boltzmann equation (as obtained 
below) into Eq. (54) and then integrating 
by parts. 

Minimization of the free energy 
(Eqs. 51-54) with respect to c ± , 4>, and 
yields a Boltzmann distribution for 
the density of the small ions, (^(r) = 
c salt ex P( = F‘ ? V''/ k%T), and two coupled 
differential equations for <p and i jr. 
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V 2 l/r(r) = 


Sne . 

c salt smh 

e 


ef_\ 

kvT) 



M 2 b ^' k - T ) 

(55) 


yV 2 ^ r) = V2 (</> 3 

O 


<t>b<t>) + 


kzT 


(56) 


Equation (55) is a generalized Pois- 
son- Boltzmann equation including the 
free ions and the charged polymers. The 
first term represents the salt contribu- 
tion and the second term is due to the 
charged monomers and their counteri- 
ons. Equation (56) is a generalization of 
the self-consistent field equation of neu- 
tral polymers [9]. In the bulk, the above 
equations are satisfied by setting i/r —> 0 
and </>—*■ (j>b- 


2. 7. 5. 2 Numerical Profiles: Constant i/r s 
When the surface is taken as ideal, that 
is, flat and homogeneous, the physical 
quantities depend only on the distance 
x from the surface. The surface imposes 
boundary conditions on the polymer order 
parameter <p(x ) and electrostatic potential 
x//(x). In thermodynamic equilibrium, all 
charge carriers in solution should exactly 
balance the surface charges (charge neu- 
trality). The Poisson- Boltzmann Equa- 
tion (55), the self-consistent field Equa- 
tion (56), and the boundary conditions 
uniquely determine the polymer concen- 
tration profile and the electrostatic poten- 
tial. In most cases, these two coupled 
nonlinear equations can only be solved 
numerically. 

We present now numerical profiles 
obtained for surfaces with a constant 
potential \j / s : 


(57) 


The boundary conditions for 4> (x) depend 
on the nature of the short-range non- 
electrostatic interactions of the monomers 
and the surface. For simplicity, we take 
a nonadsorbing surface and require that 
the monomer concentration will vanish 
there: 

<t> U=o = 0 (58) 

We note that the boundary conditions 
chosen in Eqs. (57) to (58) model the 
particular situation of electrostatic attrac- 
tion in competition with a short-range 
(steric) repulsion of nonelectrostatic ori- 
gin. Possible variations of these boundary 
conditions include surfaces with a constant 
surface charge (discussed later) and sur- 
faces with a nonelectrostatic short-range 
attractive (or repulsive) interaction with 
the polymer [83, 127]. Far from the sur- 
face (x — > oo ), both i/r and </> reach their 
bulk values and their derivatives vanish: 
'A Iy— > oo = 0 and (f> h— >oo = 0- 

The numerical solutions of the mean- 
field Eqs. (55) and (56) together with the 
boundary conditions discussed above are 
presented in Fig. 11, for several different 
physical parameters. 

The polymer is positively charged and 
is attracted to the nonadsorbing surface 
held at a constant negative potential. The 
aqueous solution contains a small amount 
of monovalent salt (c sa i t = O.lmM). The 
reduced concentration profile c m {x) / (j)^ 
is plotted as a function of the distance 
from the surface .r. Different curves 
correspond to different values of the 
reduced surface potential y s = ei/ss/k^T, 
the charge fraction /, and the effective 
monomer size a. 

Although the spatial variation of the 
profiles differs in detail, they all have a 
single peak that can be characterized by 
its height and width. This observation 


^A U=o = 
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Fig. n Adsorption profiles obtained by numerical solutions 
of Eqs. (55) and (56) for several sets of physical parameters in 
the low-salt limit. The polymer concentration scaled by its bulk 
value c h m = <f > ^ is plotted as a function of the distance from the 
surface. The different curves correspond to:/ = 1 , a = 5 A and 
y s = ex// s /kgT = —0.5 (solid curve);/ = 0.1 , a = 5 A and 
y s = —0.5 (dots);/ = 1, a = 5 A and y s = —1 .0 (short dashes); 
f = 1, a = 10A and y s = —0.5 (long dashes); and / = 0.1, 
a = 5 A and y s = 1 .0 (dot-dash line). For all cases, 

<t>l = 1 0 6 A 3 , v 2 = 50A 3 , e = 80, T = 300 K, and 
c salt = 0.1 mM. (Adapted from Ref. [124].) 


serves as a motivation to using scaling 
arguments. 

2. 7. 5. 3 Scaling Results 

The numerical profiles of the previous 
section indicate that it may be possible 
to obtain simple analytical results for 
the PE adsorption by assuming that 
the adsorption is characterized by one 
dominant length scale D. Hence, we write 
the polymer order parameter profile in the 
form 

(59) 


where h(x) is a dimensionless function 
normalized to unity at its maximum and 
cm sets the scale of polymer adsorption, 
such that = *Jeu. The free energy 
can now be expressed in terms of D and 
cm, while the exact form of h(x) affects 
only the numerical prefactors. 

In principle, the adsorption length D 
depends also on the ionic strength through 
k~ x . As discussed below, the scaling 
assumption (Eq. 59) is only valid as 
long as at -1 and D are not of the 
same order of magnitude. Otherwise, 
h should be a function of both kx 


<j>(x) = ~/cuh(x/D) 
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and x/D. We concentrate now on two 
limiting regimes where Eq. (59) can be 
justified: (1) the low-salt regime D <§C k _ 1 
and (2) the high-salt regime D k~ 1 . 
We first discuss the case of constant 
surface potential, which can be directly 
compared to the numerical profiles. Then 
we note the differences with the constant 
surface charge boundary condition in 
which the interesting phenomenon of 
charge overcompensation is discussed in 
detail. 

2. 7. 5. 3.1 Low-salt Regime D /c _1 and 
rjr s = constant In the low-salt regime the 
effect of the small ions can be neglected 
and the free energy (per unit surface area) 
(Eqs. 51-54) is approximated by (see also 
Refs. [80, 124]) 

a 2 

F — _ jMcmD 

6 U 

+ 47 t / b / 2 C ^]£) 3 + ( 60 ) 

In the above equation and in what follows, 
we neglect additional prefactors of order 
unity in front of the various terms that arise 
from inserting the scaling profile (Eq.59) 
into the free energy. The first term of 
Eq. (60) is the elastic energy characterizing 
the response of the polymer to concentra- 
tion inhomogeneities. The second term 
accounts for the electrostatic attraction of 
the polymers to the charged surface. The 
third term represents the Coulomb repul- 
sion between adsorbed monomers. The 
last term represents the excluded volume 
repulsion between adsorbed monomers, 
where we assume that the monomer con- 
centration near the surface is much larger 
than the bulk concentration cm 4>f, ■ 

In the low-salt regime and for highly 
charged PEs, the electrostatic interactions 


are much stronger than the excluded 
volume ones. 

Neglecting the latter interactions and 
minimizing the free energy with respect 
to D and cm gives 


D 2 


f\y s \ Ms\ 


(61) 


and 


CM — 


\y s \ 

Ard^a 2 


\fs\ 


(62) 


recalling that y s = e\l/ s /k%T. As discussed 
above, these expressions are valid as 
long as (1) D <§C /r -1 and (2) the ex- 
cluded volume term in Eq. (60) is negli- 
gible. Condition (1) translates into c sa i t <§; 
f\y s \/ (Snivel 2 ). For |y s | ~ 1, a = 5 A and 
Z B = 7 A this limits the salt concentra- 
tion to c sa i t // <?C 0.4 M. Condition (2) 
on the magnitude of the excluded vol- 
ume term can be shown to be equivalent 
to / » V 2 \y s \/lvei 2 . These requirements 
are consistent with the data presented in 
Fig. 11. 

We recall that the profiles presented 
in Fig. 11 were obtained from the nu- 
merical solution of Eqs. (55) and (56), 
including the effect of small ions and 
excluded volume. The scaling relations 
are verified by plotting in Fig. 12 the 
same sets of data as in Fig. 11, using 
rescaled variables as defined in Eqs. (61) 
and (62). That is, the rescaled electro- 
static potential i j/(x)/tj/ s and polymer con- 
centration c m (x)/cM ~ c m (x)a 2 /|y s | 2 are 
plotted as functions of the rescaled dis- 
tance x/D ~ x/ 1 ( 2 |y s | 1 ( 2 /a. The different 
curves roughly collapse on the same curve. 

In many experiments the total amount 
of adsorbed polymer per unit area F 
is measured as function of the physical 
characteristics of the system such as the 
charge fraction /, the pH of the solution, 
or the salt concentration c sa i t [103-110]. 
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Fig. 12 Scaling behavior of PE adsorption in the low-salt regime (Eqs. 61 and 62). (a) The 
rescaled electrostatic potential f(x)/\rlf s \ as a function of the rescaled distance x/D. (b) The 
rescaled polymer concentration c m (x)/cM as a function of the same rescaled distance. The 
profiles are taken from Fig. 11 (with the same notation). (Adapted from Ref. [124].) 


This quantity can be easily obtained from 
our scaling expressions yielding 




[c m (x ) - 4 >l\ dr 


— Dcm 


I Til 3/2 IW 3/2 
h afW~ f 1 ' 2 


(63) 


2. 7. 5. 3. 2 High-salt Regime D»k -1 and 
tjr s = constant Let us now consider the 
opposite case of a high ionic strength 
solution. Here, D is much larger than 
k~ 1 , and the electrostatic interactions are 
short ranged with a cutoff /c _1 . The free 
energy of the adsorbing PE layer (per unit 
surface area) then reads 


The adsorbed amount T(/) in the low- 
salt regime is plotted in the inset of 
Fig. 13(a). As a consequence of Eq. (63), 
T decreases with increasing charge frac- 
tion /. Similar behavior was also re- 
ported in experiments [106], This effect 
is at first glance quite puzzling be- 
cause as the polymer charge increases, 
the chains are subject to a stronger at- 
traction to the surface. On the other 
hand, the monomer -monomer repulsion 
is stronger and, indeed, in this regime, 
the monomer-monomer Coulomb repul- 
sion scales as (/cm ) 2 and dominates 
over the adsorption energy that scales 
f CM- 


a I 

F ~ 77L CM “ f\ys\cMK 

6 U 

+ 47t/b/ 2 /c -2 CmT> + ^v 2 CmD (64) 

The electrostatic cutoff enters in two 
places. In the second term, only the 
first layer of width /c -1 interacts elec- 
trostatically with the surface. In the 
third term, each charged layer situated 
at point x interacts only with layers at 
x' for which \x — x'\ < at -1 . This term 
can be also viewed as an additional 
electrostatic excluded volume with c e i ~ 
h (f/K) 2 . 
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( a ) / 

Fig. 13 Typical adsorbed amount F as a 
function of (a) the charge fraction/ and (b) the 
pH — pl< 0 of the solution for different salt 
concentrations (Eq. 67). The insets correspond 
to the low-salt regime (Eq. 63). The parameters 



r _ flyslcj/ 2 _ fWs\ -1/2 
f 2 /c s alt + OIV2 Tgl + a V2 salt 

(67) 

where a is a numerical constant of order 
unity that depends on the profile details. 

The adsorption behavior is depicted in 
Figs. 13 and 14. Our scaling results are 
in agreement with numerical solutions 
of discrete lattice models (the multi- 
Stern layer theory) [61, 62, 111, 117-120]. 
In Fig. 13, F is plotted as function of 
/ (Fig. 13a) and the pH (Fig. 13b) for 
different salt concentrations. The behavior 
as seen in Fig. 13(b) represents annealed 
PEs where the nominal charge fraction is 



(b) P H - P K o 

used for e, T, and V 2 are the same as in Fig. 1 1 , 
while y s = e^ s /kgT = —0.5 and a = 5A. The bulk 
concentration cj \ = <p ■? is assumed to be much 
smaller than cm- (Adapted from Ref. [124].) 


given by the pH of the solution through 
the expression 


10P H -pK 0 

1 _|_ iop h -P k o 


(68) 


where pI<o = — log 10 Ko and Ko is the ap- 
parent dissociation constant. We note that 
this relation is only strictly valid for in- 
finitely dilute monomers and that distinct 
deviations from it are observed for PEs 
because of the electrostatic repulsion be- 
tween neighboring dissociating sites [126]. 
Still, the results in Fig. 13(b) capture the 
main qualitative trends of pH-dependent 
PE adsorption. 

Another interesting observation that can 
be deduced from Eq. (67) is that F is only a 
function of fc |^ 2 . Indeed, as can be seen 
in Fig. 13, c sa i t only affects the position of 
the peak and not its height. 

The effect of salt concentration is shown 
in Fig. 14, where F is plotted as function of 
the salt concentration c sa i t for two charge 
fractions / = 0.01 and 0.25. The curves 
on the right-hand side of the graph are 
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Fig. 14 The adsorbed amount T as a function of the salt 
concentration c sa | t (Eq. 67) for / = 0.01 and 0.25. The solid curves 
on the right-hand side correspond to the scaling relations in the 
high-salt regime (Eq. 67). The horizontal lines on the left-hand side 
mark the low salt values (Eq. 67). The dashed lines serve as guides 
to the eye. The parameters used are £ = 80, T = 300 K, V 2 = 50A 3 , 
a = 5A, y s = —2.0. (Adapted from Ref. [124].) 


calculated from the high-salt expression 
for T (Eq. 67). The horizontal lines on the 
left-hand side of the graph indicate the 
low-salt values of T (Eq. 63). The dashed 
lines in the intermediate salt regime serve 
only as guides to the eye since our scaling 
approach is not valid when D and k~ 1 are 
of the same order. 

Emphasis should be drawn to the dis- 
tinction between weakly and strongly 
charged PEs. For weak PEs, the adsorbed 
amount F is a monotonously decreas- 
ing function of the salt concentration 
c sa it in the whole range of salt con- 
centrations. The reason being that the 
monomer-monomer Coulomb repulsion, 
proportional to f 2 , is weaker than the 
monomer- surface interaction, which is 
linear in /. 


For strongly charged PEs, on the other 
hand, the balance between these two elec- 
trostatic terms depends on the amount of 
salt. At low salt concentrations, the domi- 
nant interaction is the monomer -surface 
Coulomb repulsion. Consequently, addi- 
tion of salt screens this interaction and 
increases the adsorbed amount. When the 
salt concentration is high enough, this 
Coulomb repulsion is screened out and the 
effect of salt is to weaken the surface at- 
traction. At this point the adsorbed amount 
starts to decrease. As a result, the behav- 
ior over the whole concentration range is 
nonmonotonic with a maximum at some 
optimal value c* A., as seen in Fig. 14. 

From this analysis and from Figs. 13, 
14 and Eq. (67), it is now natural to divide 
the high-salt regime into two subregimes 
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according to the PE charge. At low 
charge fractions (subregime HS I), /« 
/* = (c sa i t D 2 ) 1 / 2 , the excluded volume 
term dominates the denominator of 
Eq. (67) and 

r ~ fWsKll 2 (69) 

whereas at high / (subregime HS II), /» 
/*, the monomer-monomer electrostatic 
repulsion dominates and T decreases with 
/ and increases with c sa i t : 

(70) 

The various regimes with their crossover 
lines are shown schematically in Fig. 15. 
Keeping the charge fraction / constant 
while changing the amount of salt cor- 
responds to a vertical scan through the 


diagram. For weak PEs, this cut goes 
through the left-hand side of the diagram 
starting from the low-salt regime and, 
upon addition of salt, into the HS I regime. 
Such a path describes the monotonous be- 
havior inferred from Fig. 14 for the weak 
PE (/ = 0.01). For strong PEs, the cut 
goes through the right-hand side of the di- 
agram, starting from the low-salt regime, 
passing through the HS II regime, and 
ending in the HS I. The passage through 
the HS II regime is responsible for the 
nonmonotonous behavior inferred from 
Fig. 14 for the strong PE (/ = 0.25). 

Similarly, Fig. 13(a,b) correspond to hor- 
izontal scans through the top half of the 
diagram. As long as the system is in the 
HS I regime, the adsorbed amount in- 
creases when the polymer charge fraction 



Fig. 15 Schematic diagram of the different adsorption regimes as 
function of the charge fraction/ and the salt concentration c sa | t . 
Three regimes can be distinguished: (a) the low-salt regime 
D <SC /c -1 ; (b) the high-salt regime (HS I) D /c -1 for weak PEs 
f = (Csalt^) 1 / 2 ; ar| d ( c ) *-h e high-salt regime (HS II) D /c -1 
for strong PEs / »/*. 




increases. As the polymer charge fur- 
ther increases, the system enters the 
HS II regime and the adsorbed amount 
decreases. Thus, the nonmonotonous be- 
havior of Fig. 13. We finally note that 
the single-chain desorption transition for 
a flexible chain, which was discussed in 
Sect. 2.7.4, is also valid for adsorption from 
solutions and will lead to a desorption tran- 
sition at very high salt concentrations in 
Fig. 15 (which is not shown for clarity). 

2. 7. 5. 4 Overcompensation of Surface 
Charges: Constant a 

We turn now to a different electrostatic 
boundary condition of constant surface 
charge density and look at the interesting 
phenomenon of charge compensation by 
the PE chains in relation to experiments for 
PE adsorption on flat surfaces, as well as on 
charged colloidal particles [72, 73, 75-77]. 
What was observed in experiments is that 
PEs adsorbing on an oppositely charged 
surface can overcompensate the original 
surface charge. Because PEs create a thin 
layer close to the surface, they can act as 
an effective absorbing surface to a second 
layer of PEs having an opposite charge 
compared to the first layer. Repeating the 
adsorption of alternating positively and 
negatively charged PEs, it is possible to 
create a multilayer structure of PEs at the 
surface. Although many experiments and 
potential applications for PE multilayers 
exist, the theory of PE overcompensation 
is only starting to be developed [83, 84, 
123-125, 127, 128]. 

The scaling laws presented for constant 
i jf s can be used also for the case of constant 
surface charge. A surface held at a constant 
potential \jf s will induce a surface charge 
density a. The two quantities are related by 
dtj// cLr = Aizae/e at x = 0. We will now 
consider separately the two limits: low salt 
D <§C and high salt D at -1 . 
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2. 7. 5. 4.1 Low Salt Limit: D k _ 1 As- 
suming that there is only one length scale 
characterizing the potential behavior in the 
vicinity of the surface, as demonstrated in 
Fig. 12(a), we find that the surface poten- 
tial i// v and the surface charge ct are related 
by i \jr s ~ creD. In the low salt limit we find 
from Eq. (61) 

D ~ (/ ct/b) 1/3 (71) 

in agreement with Eq. (47). 

Let us define two related concepts via the 
effective surface charge density defined 
as Act = /T — ct, which is the sum of 
the adsorbed polymer charge density and 
the charge density of the bare substrate. 

For Act = 0, the adsorbed polymer charge 
exactly compensates the substrate charge. 

If Act is positive, the PE overcompensates 
the substrate charge and more polymer 
adsorbs than is needed to exactly cancel 
the substrate charge. If Act is positive and 
reaches the value Act = ct, it means that 
the PE charge is /T = 2 a and leads to 
a charge inversion of the substrate charge. 

The effective surface charge consisting of 
the substrate charge and the PE layer has 
a charge density that is exactly opposite to 
the original substrate charge density ct. 

Do we obtain overcompensation or 
charge inversion in the low salt limit 
within mean-field theory? Using scaling 
arguments, this is not clear since we find 
that Act ~/T ~ a . That is, each of the two 
terms in Act scales linearly with ct, and 
the occurrence of overcompensation or 
charge inversion will depend on numerical 
prefactors determining the relative sign 
of the two opposing terms. However, if 
we look at the numerical solution for the 
mean-field electrostatic potential (Fig. 12), 
we see indeed that all plotted profiles have 
a maximum of f(x) as function of x. An 
extremum in xfr means a zero local electric 
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field. Or equivalently, using Gauss law, this 
means that the integrated charge density 
from the wall to this special extremum 
point (including surface charges) is exactly 
zero. At this point the charges in solution 
exactly compensate the surface charges. 

2. 7. 5. 4. 2 High Salt Limit: D » k -1 

When we include salt in the solution 
and look at the high salt limit, the 
situation is more complex. The only length 
characterizing the exponential decay of x[r 
close to the surface is the DH screening 
length. Hence, using di/r/ dx|s ~ ere yields 
\jr s ~ oeK~ l , and therefore from Eq. (65), 

ie 2 a 2 2 i i 
D~——~K 2 f -V" 1 (72) 

fol B 

The estimation of the PE layer charge can 
be obtained by using the expression for D 
and cm in this high salt limit (Eqs. 63-65), 
yielding 

j T ~ Per (87r/ B c sa i t /c~ 2 ) _ Per 

1 + fft> 2 Csalt/ -2 1 + v 2 /v e i 

(73) 

where i> e i = / 2 /ac sa i t is the electrostatic 
contribution to the second-virial coefficient 
v 2 and a > 0 and p > 1 are positive 
numerical factors. 

We see that Aer = /T — a is a decreas- 
ing function of v 2 . Charge overcompensa- 
tion can occur when v 2 is smaller than c e i 
(up to a prefactor of order unity). When 
v 2 can be neglected in the vicinity of the 
surface, or when t >2 = 0 (theta solvents), 
there is always charge overcompensation, 
Act = (P — l)cr > 0. This is the case of 
strongly charged PEs. Similar conclusions 
have been mentioned in Refs. [83, 127] 
where v 2 was taken as zero but the sur- 
face has a nonelectrostatic short range 
interaction with the PE. By tuning the 


relative strength of the surface charge den- 
sity a and the nonelectrostatic interaction, 
it is also possible to cause a charge over- 
compensation and even an exact charge 
inversion in a special case. 

Finally, we note that the dependence of 
the charge parameter A a on the amount of 
salt, c sa i t , is different for constant surface 
charge and constant surface potential 
cases. While for the former, Aer is 
nonmonotonous and has a maximum (as 
mentioned above) as function of the salt 
concentration, in the latter case, Acr/er is 
a monotonic decreasing function of c sa i t 
(Eq. 73). This can be explained by the extra 
powers of c sa i t in the latter case coming 
from the relation tjr s ~ ac V 2 ~ er/e _1 . 

Let us remark that in other theories the 
overcharging is due to lateral correlations 
between adsorbed PEs, which in conjunc- 
tion with screening by salt ions leads to 
strongly overcharged surfaces [84, 128]. 

2 . 7 . 5. 5 Final Remarks on Adsorption from 
Semidilute Solutions 

The results presented earlier (Sect. 2.7.5) 
for adsorption from solutions have been 
derived using mean-field theory. Hence, 
lateral fluctuations in the polymer and 
ionic concentrations are neglected. In ad- 
dition, we neglect the delicate influence of 
the charges on the PE persistence length 
and any deviations from ground state dom- 
inance [9]. The region of validity of the 
theory is for long and weakly charged 
polymer chains in contact with a mod- 
erately charged surface. The PE solution is 
placed in contact with a single and ideal 
surface (infinite, flat, and homogeneous). 
The problem reduces then to an effec- 
tive one-dimensional problem depending 
only on the distance from the charged 
surface. We take very simple boundary 
conditions for the surface assuming that 
the polymer concentration is zero on the 



surface and keeping the surface in con- 
stant potential or constant surface charge 
conditions. 

We find numerical solutions for the 
PE profile equations in various cases. 
These numerical solutions agree well with 
simple scaling assumptions describing the 
adsorption of PEs. Scaling expressions for 
the amount of adsorbed polymer T and 
the width D of the adsorbed layer, as a 
function of the fractional charge / and the 
salt concentration c sa i t , are obtained for 
two cases: constant \jr s and constant a. 

For constant i p s and in the low-salt 
regime, a dependence of F is 

found. It is supported by our numerical 
solutions of the profile Eqs. (55) and (56) 
and is in agreement with experiment [106]. 
This behavior is due to strong Coulomb 
repulsion between adsorbed monomers 
in the absence of salt. As / decreases, 
the adsorbed amount increases until the 
electrostatic attraction becomes weaker 
than the excluded volume repulsion, at 
which point, F starts to decrease rapidly. 

At high salt concentrations it is not 
possible to neglect the excluded vol- 
ume interaction of the monomers since 
the electrostatic interactions are screened 
by the salt. We obtain two limit- 
ing behaviors: (1) For weakly charged 
PEs, /<§;/* = (Cgaiti^) 1 / 2 , the adsorbed 
amount increases with the fractional 
charge and decreases with the salt con- 
centration, F ~ //V(c sa i t ), owing to the 
monomer -surface electrostatic attraction. 
(2) For strong PEs, / /*, the ad- 

sorbed amount decreases with the frac- 
tional charge and increases with the salt 
concentration, T ~ -/fcalt)//, owing to 
the dominance of monomer-monomer 
electrostatic repulsion. Between these two 
regimes, we find that the adsorbed amount 
reaches a maximum in agreement with 
experiments [107, 110]. 
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The scaling arguments are then repeated 
for constant a boundary conditions. It 
is found that the PE can possibly cause 
charge overcompensation and even in- 
version of the nominal substrate charge, 
leading the way to multilayer formation of 
positively and negatively charged PEs. The 
scaling approach can serve as a starting 
point for further investigations. The ana- 
lytical and approximated expressions are 
valid only in specific limits. Special atten- 
tion should be directed to the crossover 
regime where D and at -1 are of compara- 
ble size. 

The problem of charge inversion is not 
well understood at present. Alternative 
approaches rely on lateral correlations be- 
tween semiflexible adsorbed PE chains, 
which also can lead to strong overcompen- 
sation of surface charges [84, 128]. 

2.7.6 

Polyelectrolyte Brushes 

Charged polymers that are densely end- 
grafted to a surface are called poly electrolyte 
brushes or charged brushes. They have 
been the focus of numerous theoreti- 
cal [129-138] and experimental [139-142] 
studies. In addition to the basic inter- 
est, charged brushes are considered for 
their applications as efficient means for 
preventing colloids in polar media (such 
as aqueous solutions) from flocculating 
and precipitating out of solution [93]. This 
stabilization arises from steric (entropic) 
and electrostatic (energetic) repulsion. A 
strongly charged brush is able to trap 
its own counterions and generates a 
layer of locally enhanced salt concen- 
tration [131]. It is thus less sensitive to 
the salinity of the surrounding aqueous 
medium than a stabilization mechanism 
based on pure electrostatics (i.e. without 
polymers). 
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Neutral brushes have been extensively 
studied theoretically in the past using scal- 
ing theories [143, 144], strong- stretching 
theories [145-149], self-consistent field 
theories [150, 151], and computer simu- 
lations [152-155]. Little is known from 
experiments on the scaling behavior of 
PE brushes as compared to uncharged 
polymer brushes. The thickness of the 
brush layer has been calculated from 
neutron-scattering experiments on end- 
grafted polymers [139] and charged diblock 
copolymers at the air- water interface [141, 
142], 

Theoretical work on PE brushes was 
initiated by the works of Miklavic and 
Marcelja [129] and Misra and cowork- 
ers. [130]. In 1991, Pincus [131] and 
Borisov, Birshtein and Zhulina [132] pre- 
sented scaling theories for charged brushes 
in the so-called osmotic regime, where the 
brush height results from the balance be- 
tween the chain elasticity (which tends to 
decrease the brush height) and the repul- 
sive osmotic counterion pressure (which 
tends to increase the brush height). In 
later studies, these works have been gener- 
alized to the poor solvents [133, 134] and to 
the regime where excluded volume effects 
become important, that is, the so-called 
quasi-neutral or Alexander regime [137]. 

In what follows we assume that the 
charged brush is characterized by two 
length scales: the average vertical exten- 
sion of polymer chains from the wall L 
and the typical extent of the counterion 
cloud, denoted by H. We neglect the pres- 
ence of additional salt, which has been 
discussed extensively in the original liter- 
ature, and only consider screening effects 
due to the counterions of the charged 
brush. Two different scenarios emerge, 
as is schematically presented in Fig. 16. 
The counterions can either extend outside 
the brush, H L, as shown in Fig. 16(a), 


or be confined inside the brush, H ^ L, 
as shown in Fig. 16(b). As we show now, 
case (b) is indicative of strongly charged 
brushes, while case (a) is typical for weakly 
charged brushes. 

The free energy per unit area (and in 
units of kftT) contains several contribu- 
tions. We denote the grafting density of 
PEs by p, the counterion valency by z, 
recalling that N is the polymerization in- 
dex of grafted chains and / their charge 
fraction. The osmotic free energy, F os , 
associated with the ideal entropy cost of 
confining the counterions to a layer of 
thickness H is given by 




(74) 


F V2 is the second-virial contribution 
to the free energy, arising from steric 
repulsion between the monomers (contri- 
butions due to counterions are neglected). 
Throughout this review, the polymers are 
assumed to be in a good solvent (posi- 
tive second-virial coefficient 112 > 0). The 
contribution thus reads 



Finally, a direct electrostatic contribution 
T e i occurs if the PE brush is not locally 
electro-neutral throughout the system, as 
for example is depicted in Fig. 16(a). This 
energy is given by 

n InlviNfp) 2 {L- H) 2 ^ 

F,, = j — < 76 > 

This situation arises in the limit of 
low charge, when the counterion density 
profile extends beyond the brush layer, that 
is, H > L. 
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Fig. 16 Schematic PE brush structure. 
In (a), we show the weak-charge limit 
where the counterion cloud has a 
thickness H larger than the thickness of 
the brush layer, L In (b), we show the 
opposite case of the strong-charge limit, 
where all counterions are contained 
inside the brush and a single length 
scale L«H exists. 


H»L 




The last contribution is the stretching 
energy of the chains, which is 


F st = 


3 L 2 
2Na lP 


(77) 


In this case, minimization of Fos + F e \ 
with respect to the counterion height H 
leads to 


zl*Nfp 


(78) 


Here, a is the monomer size or Kuhn 
length of the polymer, implying that 
we neglect any chain stiffness for the 
brush problem. The different free en- 
ergy contributions lead, upon minimiza- 
tion with respect to the two length 
scales H and L, to different behaviors. 
Let us first consider the weak charg- 
ing limit, that is, the situation in which 
the counterions leave the brush, H > L. 


which is the Gouy-Chapman length for z- 
valent counterions at a surface of surface 
charge density er = Nfp. Balancing now 
the polymer stretching energy Fst and the 
electrostatic energy F e i, one obtains the 
so-called Pincus brush 

L ~ N*pa 2 l B / 2 (79) 

In the limit of H « L, the PE brush 
can be considered as neutral and the 
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electrostatic energy vanishes. There are 
two ways of balancing the remaining 
free energy contributions. The first is 
obtained by comparing the osmotic energy 
of counterion confinement, F os , with the 
polymer stretching term, F s t , leading to 
the height 


Naf 1 ' 2 

~1F 2 ~ 


(80) 


constituting the so-called osmotic-brush 
regime. Finally, comparing the second- 
virial free energy, F V2 , with the polymer 
stretching energy, F st , one obtains 


L ~ Na(v 2 p/a ) 1/3 (81) 


1 


1/2 1/2 


Ni{' V 


(83) 


For large values of the charge fraction 
/ and the grafting density p, it has 
been found numerically that the brush 
height does not follow any of the scaling 
laws discussed here [156]. This has been 
recently rationalized in terms of another 
scaling regime, the collapsed regime. In 
this regime, one finds that correlation and 
fluctuation effects, which are neglected in 
the discussion in this section, lead to a 
net attraction between charged monomers 
and counterions [157]. 


and the PE brush is found to have the 
same scaling behavior as the neutral 
brush [143, 144]. Comparing the heights 
of all three regimes, we arrive at the 
phase diagram shown in Fig. 17. The three 
scaling regimes meet at the characteristic 
charge fraction 


r 


ZV 2 


N 2 a 2 £z 


1/3 


(82) 


and the characteristic grafting density 


2.7.7 

Conclusion 

In this chapter we have reviewed the 
behavior of charged polymers (PEs) in so- 
lution and at interfaces, concentrating on 
aspects that are different from the corre- 
sponding behavior of neutral polymers. 

Because charged biopolymers and iso- 
lated PE chains tend to be quite stiff 
due to electrostatic monomer-monomer 



/* 


Fig. 17 Scaling diagram for PE brushes 
on a log-log plot as a function of the 
grafting density p and the fraction of 
charged monomers/. Featured are the 
Pincus-brush regime, where the 
counterion layer thickness is much 
larger than the brush thickness, the 
osmotic-brush regime, where all 
counterions are inside the brush and the 
brush height is determined by an 
equilibrium between the counterion 
osmotic pressure and the PE stretching 
energy, and the neutral-brush regime, 
where charge effects are not important 
/ and the brush height results from a 
balance of PE stretching energy and 
second-virial repulsion. The power-law 
exponents of the various lines are 
denoted by numbers. 



repulsions, their chain statistics is re- 
lated to that of semiflexible polymers. 
Neutral and charged semiflexible polymers 
are controlled by their bending rigidity, 
which is usually expressed in terms of 
a persistence length (see Sect. 27.2.2). 
For PEs, the electrostatic interaction 
considerably influences this persistence 
length. 

In solution, we have considered the scal- 
ing behavior of a single PE (Sect. 2. 7. 3.1). 
The importance of the electrostatic persis- 
tence length was stressed. The Manning 
condensation of counterions leads to a 
reduction of the effective linear charge 
density (Sect. 2. 7. 3. 1.1). Excluded volume 
effects are typically less important than 
for neutral polymers (Sect. 2. 7. 3. 1.2). Di- 
lute PE solutions are typically dominated 
by the behavior of the counterions. So 
is the large osmotic pressure of dilute 
PE solutions due to the entropic contri- 
bution of the counterions (Sect. 27.3.2). 
Semidilute PE solutions can be described 
by the RPA, which in particular yields 
the characteristic peak of the structure 
factor. 

At surfaces, we discussed in detail 
the adsorption of single PEs (Sect. 2.7.4), 
the adsorption from semidilute solutions 
(Sect. 2.7.5), and the behavior of end- 
grafted PE chains (Sect. 2.7.6). We tried 
to express the PE behavior in terms of 
a few physical parameters such as the 
chain characteristics (persistence length), 
ionic strength of the solutions, and surface 
characteristics. The shape and size of the 
adsorbing layer is, in many instances, gov- 
erned by a delicate balance of competing 
mechanisms of electrostatic and nonelec- 
trostatic origin. In some cases, it is found 
that the adsorbing PE layer is flat and 
compressed, while in other cases, it is 
coiled and extended. Yet, in other situa- 
tions, the PEs will not adsorb at all and 
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will be depleted from the surface. We 
also briefly review the phenomenon of 
charge overcompensation and inversion, 
when the adsorbed PE layer effectively 
inverses the sign of the surface charge 
leading the way to formation of PE multi- 
layers. 

Important topics that we have left out 
are the dynamics of PE solutions, which 
is reviewed in Ref. [4], and the behavior of 
PEs under bad-solvent conditions [39-41], 

In the future we expect that studies of 
PEs in solutions and at surfaces will be 
directed more toward biological systems. 

We mentioned in this review the complex- 
ation of DNA and histones (Sect. 27.4.1). 

This is only one of many examples of 
interest in which charged biopolymers, 
receptors, proteins, and DNA molecules 
interact with each other or with other 
cellular components. The challenge for 
future fundamental research will be to 
try to understand the role of electrostatic 
interactions combined with specific bi- 
ological (lock-key) mechanisms and to 
infer on biological functionality of such 
interactions. 
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Introduction 

Boris B. Damaskin and Oleg A. Petrii 
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consisting of adsorbate molecules A and 
solvent molecules S, for which Eq. (1) takes 
the form 

dy = -V A dp A - Tsd/xs (2) 


The adsorption of the /th solution com- 
ponent is defined as a phenomenon that 
manifests itself in the difference of this 
component concentration in the vicinity 
of the interface (c,) and in the solu- 
tion bulk (cj b> ). If the concentration of 
the ith component becomes higher than 
c- b) when the distance x decreases (as we 
approach the interface), its adsorption is 
positive; in the opposite case, it is negative 
(curves 1 and 2, respectively, in Fig. 1). 

The quantity characterizing the re- 
versible adsorption of the ith component is 
its surface excess F,- defined by the Gibbs 
adsorption isotherm [1] at constant tem- 
perature (T = const) and pressure (p = 
const): 

dy = - ^ T, dp, (1) 

i 


However, the values p A and ps are 
not independent, they are interrelated by 
Gibbs-Duhem equation [2, 3]: 

N a dp A + N s dps = 0 (3) 


where N A and As = 1 — N A are the mole 
fractions of A and S. It follows from (2) 
and (3) that 

^ = -( r A-^) d '« < 4 > 


The combination in parentheses defines 
the so-called relative surface excess: 


r (S) r fs^A 

A N s 


(5) 


which can be determined from experimen- 
tal data. Particularly, for the system under 
consideration 


The quantity y is the work consumed in 
increasing the interface by unit surface 
area at T = const and p = const under re- 
versible conditions, and pt is the chemical 
potential of the i th component. 

In order to clarify the physical meaning 
of T/, let us consider a binary system 



( 6 ) 


In order to determine separately the val- 
ues of Fa and Ts, the second equation 
interrelating these values should be de- 
rived. For this purpose, T, is defined as the 
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Fig. 1 Schematic dependence 
of concentration of the 1 and 2 
components on the distance 
from the electrode surface. 


Coordinate x 


difference between the amounts of compo- 
nent i in two equal solution cylinders with 
unit cross section, the first cylinder being 
normal and adjacent to the interface, and 
the second one being completely in the 
solution bulk. This definition remains am- 
biguous if we do not clarify the meaning 
of “equal.” If both cylinders contain equal 
numbers of solvent moles, then Ts = 0. 
As follows from Eq. (5), the surface excess 
of A defined by imposing this condition 
represents (relative surface excess). If 
both cylinders contain equal numbers of 
moles of A and S, the equation 

rjjf° + = o (7) 

combined with Eq. (5) allows us to calcu- 
late another type of surface excess values: 


where M A and M s are the molar masses 
of components. A simultaneous solution 
of Eqs. (5) and (9) results in the following 
expressions: 

p(M) _ p(5) M S N S 

A A M A N A + M S N S 
p(M) _ r (S) M a Ns 
s A M A N A + M s Ns 

Finally, if both cylinders are of equal 
volumes, and the molar volumes of the 
components V A and Fs do not change in 
the course of adsorption, Eq. (5) should be 
supplemented by the equation 

F A r^° + V s r s V) = 0 (H) 

The corresponding simultaneous solution 
of Eqs. (5) and (11) gives the surface 
excesses 


r W = r (5 )(1 _ Na) 

= -rf(i-N A ) (8) 

Next, for two cylinders of equal masses, 
the Eq. (5) should be supplemented by 
equation 


M A r^ M) + M S r< M) = 0 (9) 


r (V) = r (S) VsNs 
A A V A N A +VsNs 
r OO = r (5) VaNs 

s A V A N A +VsNs 


( 12 ) 


As follows from Eqs. (8), (10), and 
(12), for adsorption from diluted so- 
lutions (Na « 1), r^ 5) sa r^ V) Fa r^ M) « 
r^ v ( . Under these conditions, the physical 




meaning of the surface excess F,- can be 
represented by the areas Si and S 2 en- 
closed by the curve corresponding to a 
versus x dependence in the vicinity of 
interface and the line = const (see 
shaded areas in Fig. 1). For positive ad- 
sorption, r,- > 0 whereas, for the negative 
adsorption, F, < 0. In agreement with this 
interpretation of surface excess, its dimen- 
sionality is mol m~ 2 or mol cm -2 , which 
coincides with the dimensionality of the 
surface concentration. The latter can be 
defined as the number of moles of the 
/'th component that find themselves in a 
monomolecular layer of substance closest 
to the surface. In contrast to the surface 
excess, the surface concentration is ei- 
ther positive or zero. For calculating the 
surface concentration from experimental 
F, values, it is essential to know how c,- 
changes with .r. The problem may be sub- 
stantially simplified, if the surface excess 
of the /th component is located inside 
an adsorption monolayer, and its bulk 
concentration is sufficiently low (N, <§C 1). 
Under these conditions, typical for ad- 
sorption of many organic substances on 
electrodes, the surface concentration prac- 
tically coincides with the surface excess. 

Originally, the phenomenon of specific 
adsorption was considered in connection 
with studies on mercury electrodes, the 
latter being ideally polarizable in a wide 
potential range. It should be mentioned 
that for ideally polarizable electrode, the 
total quantity of electric charge delivered 
to its surface is expended in the change of 
the free electrode charge, that is, the charge 
defined by excess or lack of electrons. Quite 
a number of s,p-metals (Bi, Ga, Cd, Pb, 
Sn, Sb, In, Tl) can also exhibit similar 
behavior in a certain potential interval, and 
are sometimes integrated into the group of 
mercury-like metals. Although any metal 
of this group undoubtedly exhibits certain 
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specific properties, the difference appears 
to be not so dramatic as that which we 
found when going to typical d-metals 
(platinum group metals are the most 
thoroughly studied representatives). 

In aqueous solutions, platinum-group 
metals adsorb hydrogen and oxygen and 
can be classified as the so-called “per- 
fectly polarizable electrodes” in terms of 
Planck [4]. For perfectly polarizable elec- 
trode, one portion of electric charge de- 
livered to its surface is expended in the 
change of electrode free charge, when an- 
other portion is expended in the oxidation 
of hydrogen adatoms or in the generation 
of oxygen adatoms. The complete quantity 
of electric charge delivered to the surface 
is said to be expended in the change of 
total electrode charge. It means that the 
state of electrode is uniquely determined 
by its initial state and the change of its total 
charge. 

In the text that follows, we start with 
the adsorption phenomena on ideally 
polarizable electrodes, and then pass to 
perfectly polarizable electrodes. 

Adsorption of various ions and mole- 
cules on electrodes is favored by their 
interaction with the electrode surface, and 
also by the squeezing of adsorbate species 
out of the solution bulk. The latter phe- 
nomenon is induced by the difference in 
free solvation energies AG between the 
surface layer and in the bulk of the so- 
lution. For positive adsorption, AG < 0, 
which, in its turn, can be caused by a de- 
crease in enthalpy (AH < 0) and by an 
increase of entropy (AS > 0) as the adsor- 
bate species pass from the solution bulk 
to the surface. In principle, electrostatic 
forces can solely induce the interaction 
of ions with the electrode surface: the 
coulombic attraction and repulsion should 
result in positive and negative adsorption, 
respectively. In addition, at a direct contact 
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of an ion with the metal surface (in the 
absence of separating solvent molecules), 
the ion-metal interaction can include 
other contributions: image forces (inter- 
action with the charge of the opposite 
sign induced in the metal phase) and a 
covalent bonding, which is sometimes con- 
sidered in the terms of donor-acceptor 
interaction (which can result in a partial 
charge transfer between adsorbed ions and 
metal). 

If the ion-metal interaction is com- 
pletely electrostatic and the squeezing out 
is absent, the electrolyte is surface-inactive. 
In the opposite case, specific adsorp- 
tion takes place, and the corresponding 
ion is surface-active. Figure 2 shows the 
electrocapillary curves (dependences of y 
on electrode potential E) for a mercury 
electrode in 0.01, 0.1, and 1 M aqueous 
solutions of a surface-inactive electrolyte 
(curves 1, 2, and 3) and the corresponding 
y versus E -curves in solutions containing 
surface-active anions (!', 2' and 3'). 


Gouy was the first to mention the 
specific behavior of anions on mercury [5]; 
however, the term “specific adsorption” 
was introduced by Stern [6] who made an 
attempt to treat specific adsorption quan- 
titatively. Generally, any ion can be specif- 
ically adsorbed under definite conditions, 
and only under certain circumstances can 
specific adsorption be ignored in the first 
approximation. 

It is conventionally supposed that the 
cations like Li + , Na + , and K + , and anions 
like F“ , having small sizes and surrounded 
by dense solvation shells (also complex 
anions like HF 2 - , PFg - , BF 4 ~), are not 
adsorbed specifically. Also, it is assumed 
that specific adsorption of anions is more 
pronounced than that of cations. These 
suppositions stemmed from the studies on 
a mercury electrode in aqueous solutions 
and cannot be generalized a priori to other 
systems. 

Historically, the term “specific adsorp- 
tion” goes back to the studies of adsorption 



[V] 

Fig. 2 Electrocapillary curves of mercury in aqueous KF (1 -3) 
and Kl (T-3') solutions, salt concentrations are 0.01 M (1,1'); 
0.1 M (2,2'); 1 M (3,3'). 




of inorganic and organic ions, but it is 
worthwhile to apply it also to adsorp- 
tion of neutral organic molecules. The 
reason lies not only in the squeezing 
out from solution, which occurs in both 
cases, but also in the existence of spe- 
cific interactions with the metal. That is, 
the molecules of aromatic compounds are 
bound to the electrode via the so-called 
n -electron interaction [7-10]; functionally 
substituted molecules (thiolates, amines, 
and so forth) assume certain interfacial 
orientations owing to specific interaction 
of substituting groups with the metal, par- 
ticularly mercury [11]. 

According to the Lippman equation [12] 



the charge density on the metal surface 
o'M is determined by the slope of the 
electrocapillary curve. The maximum of 
y, E - curve corresponds to ctm = 0; hence, 
the position of this maximum determines 
the potential of zero charge (pzc). In 
surface-inactive electrolyte solutions, the 
value of the pzc does not depend on 
concentration (Fig. 2). On the other hand, 
with an increase in the concentration 
of surface-active anion, the pzc shifts 
towards negative potentials, because of the 
increasing specific adsorption of anions. 

Indeed, the condition of electrical neu- 
trality in the 1,1 -electrolyte solution is 


a M = TT_ - FF+ (14) 


where F stands for Faraday constant, and 
the subscripts correspond to the charges 
of the ions. Hence, at the pzc, T_ = T+. 
However, the specifically adsorbed anions 
are located closer to the electrode sur- 
face as compared with surface-inactive 
cations. Thus, a potential drop arises 
near the uncharged electrode/solution 
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interface, which is equal to the pzc 
shift and increases with T_. The spe- 
cific adsorption of cations shifts the pzc 
towards positive values. For simultane- 
ous specific adsorption of anions and 
cations, the magnitude and the sign of 
the pzc shift can change with relative ionic 
concentrations. 

The examples of pzc shifts induced by 
specific adsorption of anions on mercury 
in aqueous solutions are presented in 
Table 1. As demonstrated by Frumkin [13], 
the specific features of metal-ion interac- 
tion can be elucidated by comparing the 
pzc shifts and the changes of surface po- 
tential at the solution/air interface. The 
adsorption of ion at the latter interface re- 
sults only from squeezing-out effect. For 
example, the change of surface potential 
when going from 0.01 M KC1 to 2 M KI 
solution reaches only 52 mV [14], while 
the pzc shift for Hg/1 M KI (in compari- 
son with pzc in surface-inactive electrolyte 
solution) is about 350 mV. 

The pzc shift resulting from the ad- 
sorption of polar organic molecules is 
determined by the orientation of their 
dipoles on the electrode surface. 


Tab. 1 The pzc and the pzc shift values for a 
mercury electrode in aqueous unimolar 
solutions as given by Frumkin [13] 


Electrolyte 

pzc (MCE) [V] 

pzc shifts [V] 

KOH 

-0.47 

0.00 

k 2 co 3 

-0.48 

-0.01 

k 2 so 4 

-0.48 

-0.01 

k 2 hpo 4 

-0.52 

-0.05 

NaN0 2 

-0.54 

-0.07 

KCI 

-0.56 

-0.09 

kno 3 

-0.56 

-0.09 

KBr 

-0.65 

-0.18 

NaCNS 

-0.72 

-0.25 

KI 

-0.82 

-0.35 

K 2 S 

-0.98 

-0.51 
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The specific adsorption reduces the 
work of surface formation because of the 
difference in the energetic states of solvent 
molecules on the surface and in the bulk 
of the solution, and also because of the 
lateral interactions in the adsorbed layer. 
For neutral organic molecules, as a rule, 
the decrease in y is observed only in the 
vicinity of the pzc, because at high |ctm I the 
organic molecules are squeezed out by the 
solvent of a higher permittivity. 

The electrocapillary theory developed by 
Frumkin [15, 16] makes it possible to de- 
termine not only the electrode charge and 
pzc but also the relative surface excesses 
of various ions by treating the y, U-curves. 
Namely, in a binary 1,1 -electrolyte solu- 
tion, when we use a reference electrode 
reversible with respect to anion (see above 
in Electrode Potentials), 

dy = — ctm d£_ — 2R7T+ din a± (15) 

whereas, in the same solution with the 
reference electrode reversible in respect to 
cation, 

dy = — CM d£+ — 2R7T_ dlnu± (16) 

In the formulae given above, R is the 
universal gas constant, and a± is the 
mean activity of the electrolyte solution. 
By combining Eqs. (15) and (16) and 
introducing the notation d£o = d(£ + + 
E-)/2, one obtains 

dy = -OMdfo — RT(T + + T_)dlna± 

(17) 

On the combined potential, scale intro- 
duced above the pzc value does not depend 
on the concentration of the surface- 
inactive electrolyte. Hence, it is convenient 
to refer the potential to this zero point (see 
Fig. 2). 

The properties of the total differential 
of a function of two variables, allow us to 


obtain the following expression from (17): 

( dE 0 \ R r ggvM^) - 

V 9 In a± ) |_ j a± 

(18) 

At the pzc, according to Eq. (14), T_ = T+, 
and from Eq. (18) one obtains 


dE 0 \ 

9 lna± / „ M=0 


-2RT 



a± 


(19) 

Equation (19) relates the dependence 
of the pzc on the concentration of 
the electrolyte solution in the presence 
of specific adsorption (T_ ^ 0 when 
ctm = 0) and its variation with the electrode 
charge. The dependence of the pzc of 
a mercury electrode on the logarithm 
of KI concentration was used for the 
first time for studying the iodide specific 
adsorption in [17] and later was named 
the Esin-Markov effect. As follows from 
the model theories of the electric double 
layer (see Sect. 3.2), the limiting slope of 
the aforementioned dependence should 
tend to the value —RT/XF, where the 
coefficient X(0 < X < 1) characterizes the 
discrete nature of the charge of specifically 
adsorbed anions. 

The combination of Eqs. (13), (14), and 
(17) make it possible to calculate the de- 
pendencies of T_ and F + on Eq from the 
experimental y, E- curves. Figure 3 shows 
the corresponding dependencies of FT_ 
and FT+ on Eq for 0.1 M solutions of 
surface-inactive and surface-active elec- 
trolytes. The positive adsorption of cations 
at Eq < 0 and of anions at Eq > 0 in 
a former solution are induced only by 
the coulombic attraction of ions to the 
oppositely charged electrode surface. In 
contrast, the negative adsorption of cations 
at£ 0 > 0 and of anions at Eq < 0 is caused 
by the repulsion from the surface of the 
same sign. In 0.1 M KF solution at Eq = 0, 



T_ = T+ « 0. However, in concentrated 
(>1 M) solutions of surface-inactive elec- 
trolytes at Eo = 0, the value of y tends to 
increase with concentration. In accordance 
with Eq. (17), this corresponds to the nega- 
tive adsorption: T_ = T + < 0. The latter is 
caused by hydration of ions, when a layer of 
solvent molecules separates ions from the 
electrode surface. By designating the thick- 
ness of this layer as <5 and assuming that the 
concentration of ions near the uncharged 
surface sharply increases from zero to c (b l 
atx = <5, we obtain T_ = T + = — 5c (b) . Ex- 
perimental results confirm that, at Eq = 0, 
the negative adsorption of a salt varies 
proportionally as the salt concentration in 
the bulk. For Hg/water interface, the slope 
of this line corresponds approximately to 
0.3 -0.4 nm, namely, a monolayer of water 
molecules. 

As seen from Fig. 3, the specific ad- 
sorption of anions substantially affects not 
only T_ versus Eq but also F + versus 
Eq dependencies. The coulombic repul- 
sion of anions from the negatively charged 
electrode surface can fully eliminate the 
manifestations of their specific adsorption 
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only at sufficiently high negative Eq. In ac- 
cordance with Eq. (14), the positive values 
ofT + ator M > 0 correspond to FT- > ctm, 
which is known as a phenomenon of the 
recharging of the surface by specifically 
adsorbed ions. The positive values of T + 
often pass through a minimum (as shown 
in Fig. 3), and the growth of T + with the 
positive potential at ctm > 0 points to the 
enhancement of the surface recharging. 
Under these conditions, the discreteness 
coefficient of the charge of specifically 
adsorbed anions is X < 1. Specific adsorp- 
tion of ions induces more complicated 
potential-distance dependence than com- 
pared with the corresponding decay in the 
absence of specific adsorption. For exam- 
ple, when the surface is recharged by the 
specifically adsorbed anions, the potential 
versus distance dependence should pass 
through a minimum. When both anions 
and cations are specifically adsorbed, the 
recharging can take place at any electrode 
charge. However, at <tm > 0, the anions are 
located closer to the surface than cations; 
and, when at ctm < 0, the opposite situa- 
tion takes place. 


Fig. 3 Components of electrode charge 
associated with the surface excesses of 
anions (1,V) and cations (2,2'), as 
function of the potential of a mercury 
electrode in 0.1 M aqueous solutions of 
KF (1,2); Kl (T 2'). 
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Certain model assumptions are neces- 
sary in order to reveal the surface con- 
centration of specifically adsorbed ions in 
the total surface excess T, . Usually, the 
ionic component of the electrical double 
layer (EDL) is assumed to consist of the 
dense part and the diffuse layer separated 
by the so-called outer Helmholtz plane. 
Only specifically adsorbing ions can pen- 
etrate into the dense layer close to the 
surface (e.g. iodide ions), with their elec- 
tric centers located on the inner Helmholtz 
plane. The charge density of these specif- 
ically adsorbed ions o\ is determined by 
their surface concentration T. . Namely, 
for single-charged anions: 

cri = -FT® (20) 


the diffuse layer, then the value of re- 
determined from the experimental data 
should be equal to T + . Hence, we can 
calculate the value of <p 2 from Eq. (21) 
and, then, find the contribution of anions 
residing in the diffuse part, T_ from 
Eq. (22). Finally, we determine the specific 
adsorption of anions, T_ from the 
experimental value of T_ = ri 1) + r! 2 ’. 

This technique of calculating the surface 
concentration of anions was pioneered 
by Grahame and Soderberg [21] using 
the experimental dependencies of the 
differential capacitance C on the potential, 
where C is given by 




(24) 


On the other hand, the surface excesses of 
all ions in the diffuse layer T> are defined 
by their coulombic interaction with the 
net charge (ctm + cri). According to the 
classical theory of the diffuse layer [18-20], 
the behavior of 1,1 -electrolyte solution with 
concentration c is described by: 


FT 

FT 


( 2 ) 

+ 

( 2 ) 




(21) 

( 22 ) 


where A = (2R T eofi) 1 ^ 2 , e is the permittiv- 
ity of solvent, eo = 8.854 x 10 -12 F m -1 , 
and tp 2 is the potential of the outer 
Helmholtz plane referred to the solution 
bulk and related to the value of (ctm + cri) 
by the formula 


V2 


2R T 
~F~ 


sinh 


-l 


CTM + cri \ 

2 Ay? ) 


(23) 


If we suppose that cations in solutions 
of lithium, sodium, and potassium salts 
are surface-inactive, that is, at any given 
Eq, their surface excesses are located in 


In contrast to y , the value of C can be mea- 
sured not only for liquid electrodes but also 
for solid ones. Usually, the specific adsorp- 
tion of ions increases the capacitance of the 
EDL, whereas the adsorption of organic 
molecules decreases it. In the framework 
of a simplified model of the double layer as 
a capacitor, this corresponds to varying the 
distance between the capacitor plates and 
decreasing the permittivity. In dilute solu- 
tions of a surface-inactive 1,1 -electrolyte, 
a capacitance minimum appears in the 
vicinity of pzc (see curve 1 in Fig. 4). The 
position of this minimum is determined 
by the potential Eo = 0. In solutions with 
relatively high (>0.1 M) concentrations 
of surface-inactive electrolytes, this min- 
imum of C, Fo-curve disappears, but the 
pzc position still corresponds to Fo = 0 
(curve 2 in Fig. 4). Numerical integration 
of these C, Fo-curves 

[Eo 

ctm = C dF 0 (25) 

Jo 

results in the corresponding ctm , Fo-curves 
(see curves 1 and 2 in Fig. 5). 
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Fig. 4 Dependencies of the 
differential capacitance of a 
mercury electrode on its 
potential in aqueous solutions 
of: 0.003 M KF (1); 0.1 M KF (2); 
0.1 M Kl (3). 



[V] 


Fig. 5 Dependencies of the 
charge of a mercury electrode 
on its potential in aqueous 
solutions of: 0.003 M KF (1); 
0.1 M KF (2); 0.1 M Kl (3). 



[V] 


For nonsymmetrical surface-inactive 
electrolytes, the minimum of C shifts 
from the pzc. If, in the absolute mag- 
nitude the anion charge is higher than 
the cation charge, the minimum shifts 
from pzc to more negative values, and vice 
versa. Specific adsorption of ions also in- 
duces a shift of the capacitance minimum 
from the pzc. Moreover, when the spe- 
cific adsorption is sufficiently pronounced, 
no minimum appears in the C, Zfo-curves, 


even at extreme dilution (limited by the po- 
tentialities of capacitance measurements). 
In this case, the pzc should be calcu- 
lated by means of back integration of 
C, £o-curves. The idea of this method is as 
follows. 

At a certain sufficiently negative poten- 
tial E* , the specific adsorption of anions 
disappears. Under these circumstances, 
the C,Eq-, ctm, Eq-, and y,£o<urves mea- 
sured, on the one hand, in solutions of 
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surface-inactive electrolytes and, on the 
other hand, in those of surface-active elec- 
trolytes of equal concentrations with the 
same cation merged together (see curves 2 
and 3 in Figs. 4 and 5, and also see curves 
1 and V , 2 and 2! , 3 and 3' in Fig. 2). 
This coincidence provides a way of calcu- 
lating the ctm,£o- and y,iso-curves from 
the curves of differential capacitance for 
solutions containing specifically adsorbed 
anions 

rEo 

= O'M + / C 

J E* 

r^o 

Y = Yo ~ / d£ 0 (26) 

Je* 

In this equation, from the data for a 
solution of the surface-inactive electrolyte, 

Ko=Ko max - r° ff Md£o (27) 

Jo 

where y“ ax is the arbitrary constant. The 
choice of its value does not affect the values 
of F + and T_, because, according to the 
Eq. (17), these values are determined not 
by the absolute y values but by the changes 
of the surface tension with a±. 

Another way of estimating the surface 
concentration of the specifically adsorbed 
ions was proposed in Refs. [22, 23], and 
is based upon using binary mixtures of 
electrolytes of a constant total concentra- 
tion, like 

.rc CA* + (1 — x)c CA or 

xcC*A + (1 — x)cCA (28) 

in which x is the mole fraction of the 
surface-active ions (A“ or C+) in the 
mixture. It is assumed that ions C + and 
A - are not specifically adsorbed, and their 
surface excesses are located in the diffuse 
layer. Let us designate the surface-active 
ion by a subscript 1, the surface-inactive 


ion of the same sign — by 2, and 
their common counterion of a constant 
concentration — by 3. Bearing in mind 
that, to a first approximation, the activity 
coefficient in solutions of a constant ionic 
strength does not change with the ratio 
c\/c 2 , we can write 


din 03 « dlnc3 = 0; 

cbt 

dinar dln(.rc3) = dln.v = — (29) 

* 

din a2 « dln[(l — x)c3] 

= dln(l — x) = — — — — (30) 

1 — x 


Hence, the electrocapillarity equation for 
the systems like (28) takes the form 


dy = — ctm d E — R T 



d In x + rj 2) 


cLr 

x 


r (2) dT 
12 1-X 


(31) 


The surface excesses of ions 1 and 2 
in the diffuse layer are caused only by 
the coulombic interaction of these ions 
with the net charge (ctm + cti), hence, 
rfVr® = x /(l — x). Under these con- 
dition, the sum of two last terms inside the 
brackets of Eq. (31) is equal to zero, so that 

dy = -ctm d E - R7T d) dlnx (32) 


Hence, for the systems of the type (28), 


p (l) 

1 l 


1 

RT 



(33) 


The y versus ln.r dependence at E = 
const, which is required for using for- 
mula (33), can be obtained either from 
experimental electrocapillary curves, or on 
the basis of a series of C , E- or ctm , E -curves 
for systems like (28) with different x. 
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In principle, t7M,£-curves can be ob- 
tained by various electrochemical tech- 
niques. For example, according to Ref. [24], 
we can use the chronocoulometry tech- 
nique, in which current transients are 
measured following a potential step A E, 
and the variation of charge Actm are ob- 
tained by integrating these transients. This 
technique has made good use of pyridine 
adsorption studies on the single crystalline 
silver and gold [25-30]. 

It should be noted that deviations from 
Eqs. (32) and (33) can be induced by the 
noncoincidence of the outer Helmholtz 
planes for ions 1 and 2 of a system like 
28 [31]. 

When the species i are adsorbed re- 
versibly, their electrochemical potentials 
in the adsorption layer /r j ads) and in the so- 
lution bulk /xj b) should be equal: /x- ads) = 
/x - b) . This simple relationship does not al- 
low one to link unambiguously the surface 
and bulk concentrations of z th species, be- 
cause the activity coefficients in the bulk 
of the solution and especially in the sur- 
face layer are concentration-dependent, 
and, in general, these dependencies are 
ambiguously determined. Therefore, the 
dependence of the surface concentration 
of adsorbate or the surface coverage 9 on 
the bulk concentration cj b) is usually de- 
scribed by an equation providing the best 
approximation of experimental data with 
a number of fitting parameters being as 
low as possible. The adsorption of neu- 
tral organic molecules is most frequently 
described by the Frumkin isotherm [32]: 

Pcf» = ex P (— 2 a0) (34) 

where p is the constant of adsorption equi- 
librium, and a is the so-called attraction 
constant. The value of In p characterizes 


the free adsorption energy AG® : 

— AG® = const + RTln/J (35) 

where the value of const depends on 
the choice of the standard state. The 
attraction constant reflects the set of lateral 
interactions between the molecules of 
adsorbate A and solvent S in the surface 
layer: 

-AGaa + AGas - AGss 

a = (36) 

R T 

The AG^, AGaa, AGas and AGss values, 
and, correspondingly, In p and a values 
depend on the electric state of the surface, 
that is, on the electrode potential or 
charge. However, these dependences can 
be obtained in an explicit form only on the 
basis of some model of the surface layer 
consisting of the mixture of organic and 
water molecules. Unfortunately, so far, the 
models of various authors [33-41] have not 
resulted in any unified approach. 

Equation (34) was deduced by Frum- 
kin [32] as a general case of Langmuir 
isotherm, which corresponds to a = 0. A 
statistical derivation of Eq. (34) was carried 
out by Fowler and Guggenheim [42]; how- 
ever, the applicability of Frumkin isotherm 
to the experimental data appears to be sub- 
stantially wider than it follows immediately 
from the derivation conditions. 

Figure 6 shows the dependencies of 
9 versus ln(/lcj b) ) calculated by Eq. (34) 
at various values of a. When a = 2, 
at 9 = 0.5, dd/dlniPc^) = oo. When 
a > 2, a steplike transition from low 9 
values to 9 « 1 appears on the isotherm, 
which corresponds to 2D -condensation of 
adsorbate molecules (see Sect. 3. 3. 2.1). 

When the ions of the z'th species are 
adsorbed in place of neutral molecules, 
their concentration at the outer Helmholtz 
plane c- should be substituted for the 
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bulk concentration [43]. According to 
Boltzmann formula, 

c, (2) = c ; (b) exp(^^) (37) 

According to Eq. (23), the value of tp 2 , is 
a function of the charge of specifically 
adsorbed ions cri = c,FT max d, where r max 
is the limiting value of their surface 
concentration corresponding to 9 = 1. 
Thus, the adsorption isotherm equation 
for specifically adsorbed ions appears to be 
very complex. 

At low surface coverage, when ln(l — 
9) —9, the Frumkin isotherm (34) is 

rearranged into a virial isotherm: 

In p v + In cj b) = In r ; (1) + 2 B v T ( (1) (38) 
where 

In p v = In ft + In r max ; T ; a) = dr max 
1-2 a 

Bv = -= (39) 

max 

As mentioned in the preceding text, free 
energy of adsorption of ions or molecules, 
and, correspondingly, the value of ln/J 
(see Eq. 35) depends on one of electrical 
variables: electrode potential E, electrode 


Fig. 6 Dependencies ofthe 
surface coverage on I n (/3cl b) ) 
calculated from Eq. (34) for 
various values of a: —2(1); 0(2); 
1(3); 2(4); 4(5). 


charge ctm, and the potential drop in the in- 
ner part of the EDL. The model applied for 
describing the EDL determines the choice 
of the independent variable. Namely, in 
the framework of Frumkin model [33] for 
adsorption of neutral organic molecules, 
In is a square function of Eq; in terms 
of Vorotyntsev’s model [44] for ionic ad- 
sorption, In d is also a function of Eq, 
but substantially more complicated [45]; in 
Grahame-Parsons model [46, 47] for ionic 
adsorption, the value of ln/J is considered 
as a function of ctm; in contrast, in Kolo- 
tyrkin- Alekseev- Popov model [48], put 
forward later in Refs. [49, 50], and also 
in a similar Nikitas’ model [40, 41], In is 
a linear or square function of the potential 
drop in the inner layer: A < tp = Eq — cp 2 - 
As demonstrated in Refs. [51, 52], in 
the case of reversible specific adsorption 
of Cl - , Br - , and I - anions on various 
mercury-lilce electrodes from different 
solvents, the values of In (3 at ctm = 0 and 
A£ CTm=0 at C; b) = const can be correlated 
with a linear combination of donor (DN) 
and acceptor (AN) numbers of solvents: 

y = k 0 - fciDN - £ 2 AN (40) 

The quantity of y in Eq. (40), which is 
equal to In at ctm = 0 [51] or to AE au =o 




at Ci (b) = const [52], is the measure of 
specific adsorption energy of the ith 
ion, and ko, k\, and k 2 are constants 
independent of the nature of solvent 
for the given metal and ion. In its 
physical meaning, the value of ko should 
represent the metal-anion bond energy in 
the absence of solvent. 

In the physical sense, Eq. (40) is based on 
the supposition that the greater the specific 
adsorption energy of anions should be, the 
smaller their solvation energy (presented 
by the value of AN) and the weaker 
the bond of solvent molecules with the 
uncharged electrode surface (presented 
by the value of DN). This is induced by 
the donor-acceptor nature of ion-dipole 
interactions, and also by the interaction of 
metal with anions and solvent molecules in 
the course of their competitive adsorption 
on the uncharged electrode surface. 

In Ref. [52], the Eq. (40) was com- 
pared with the experimental values of 
y = A£„ m= o at c- b) = 0.1 M, which re- 
sulted from the specific adsorption of Cl - , 
Br - , and I - anions on the electrodes made 
of mercury, gallium, and eutectic alloys In- 
Ga (16.4 at % In) and Tl-Ga (0.02 at % Tl) 
in water, acetonitrile, dimethylformamide, 
A-methylformamide, and dimethyl sulfox- 
ide. The correlation analysis demonstrated 
that the bond energy in the absence of sol- 
vent (ko) increases in the sequence 1“ < 
Br - < Cl , in agreement with the row 
for dissociation energy of gaseous mono- 
halogenides of mercury and gallium. At 
the same time, for various donor-acceptor 
properties of solvent, the energy of specific 
adsorption on the metal/solution interface 
at ctm = 0 can either increase in a sequence 
Cl - < Br - < I (this “usual” sequence 
was observed in aqueous solutions on mer- 
cury and mercury-like metals), or decrease 
in the same sequence in parallel with ko 
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value (namely, for gallium in aprotic sol- 
vents), or, finally, remain independent of 
the anion nature (e.g. on In-Ga/acetonitrile 
interface). 

Let us consider the specific adsorption 
phenomena on the d-metals. 

As was mentioned in the preceding text, 
the main difference between “perfectly 
polarizable” and “ideally polarizable” elec- 
trodes consists in the fact that the potential 
of the former is determined by the pres- 
ence of a certain redox system. 

Ox + ne < ■ ■ > Red (41) 

and the state of the system is unam- 
biguously determined by its initial state 
and a quantity of charge passed across 
the interface. For platinum metals in 
aqueous solutions of surface-inactive elec- 
trolytes, Oxi = H+, Redi = H ads (n = 1); 

0x2 = O ads + 2H+, Red 2 = H 2 O (n = 2). 

A consistent thermodynamic theory of per- 
fectly polarizable electrodes was developed 
in [53-60] on the basis of the initial theory 
of amalgam [13, 61, 62] and platinum hy- 
drogen [63] electrodes. In this case, Gibbs 
equation at T, p = const takes the follow- 
ing form: 

d Y = I Ox d// Ox f Red d/X Red 

- E r ; d h7 (42) 

j 

in which /x 0x , /x Red , T 0x , T Red are the 
chemical potentials and surface excesses 
of Ox and Red components, /x j , T ; are the 
chemical potentials and surface excesses 
of other solution components. 

It follows from Eq. (42) that, when 
jij = const, the function y is a 3D surface, 
its intersects with the planes po x = const 
and /x Red = const being the characteristic 
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electrocapillary curves described by Lipp- 
man equations: 


3 y 
3 E 

3 y 
3 ~E 


= +Fr Red (43) 


T,p,fij,p. ox 


T,p,p.j,p Re d 


-tt 0x (44) 


The quantities of fTo x and fT Red are 
called the total charges of the surface at the 
corresponding choice of values remaining 
constant, because these values characterize 
the quantities of electricity required for 
increasing the surface by a unit area 
without introducing any changes in the 
composition of both contacting phases. 

It is evident that for redox-systems 
more complex than (41), Gibbs adsorp- 
tion equation should also become more 
complicated. The number of characteris- 
tic Lippman Equations should be equal to 
the number of independent variables in 


the Nernst Equation for the corresponding 
redox system. 

In order to divide the values of TTox 
and FT Red into bound charges (Ao x 
and A Red ) and free charge o'M, certain 
assumptions going beyond the frames of 
thermodynamics are necessary. 

In a certain case of a platinum hydro- 
gen electrode, on which the equilibrium 
H ads O H+ + e is established, at pcj = 
const, 


d y = -T H dp, H - Th+ d/r H + (45) 


where 


FT n = -Q l = A h -gu (46) 
TT H + = 02 = + A H + (47) 

that is, total charges FTh and FT H + are 
the algebraic sum of bound (Ah, A h +) 
and free (ctm) charges. At an excess of 
surface-inactive electrolyte, Ah+ can be 



Fig. 7 Electrocapillary curves of the first (la, 2a, 1 b, 2b, 3b) 
and second (3a, 4b, 5b) (at E = 0 (RH E) ) kind for a platinized 
platinum electrode in the following solutions: 

0.005 M H 2 S0 4 + 0.5 M Na 2 S0 4 (la, lb); 

0.01 M NaOH + 0.5 M Na 2 S0 4 (2a); 0.01 M HC1 + 1 M 
KC1 (2b); 0.01 M HBr+1 M NaBr (3b); 0.5 M Na 2 S0 4 
(3a, 4b); 0.1 M Kl (5b) [64], 





equated to zero, and FT H + = ctm, that is, 
under certain conditions, TTh+ can be 
considered as a free surface charge. 

The electrocapillary curves correspond- 
ing to Eq. (43) are called the electrocap- 
illary curves of the first kind, and those 
corresponding to the Eq. (44) are called 
the electrocapillary curves of the second 
kind [60, 64]. Figure 7 shows the examples 
of curves of these kinds for Pt electrode. 
This figure demonstrates also the effects 
the solution pH and the anion adsorp- 
tion on electrocapillary curves. It should 
be stressed that pH-dependent adsorption 
behavior of Pt hydrogen electrode is a typ- 
ical feature of hydrogen-adsorbing metals, 
it is governed by Eq. (45), for the latter 
no assumptions are made on the specific 
adsorption of OH - ions. 

Therefore, for Pt hydrogen electrode, two 
pzc values should be introduced, which 
correspond to Th = 0 and Th+ = 0 (and 
to the maxima of the electrocapillary curves 
of the 1st and 2nd kinds), respectively. 

When the concentration of a specifically 
adsorbed ion i is sufficiently low as 
compared with the supporting-electrolyte 
concentration, so that it can be changed 
without changing the chemical potential 
of supporting ions, the Gibbs Equation 
takes the following form: 

dy = -T h d/x H - T, d/xi (48) 

where q,- is a chemical potential of ad- 
sorbed ion, and T,-its surface excess. 
From this equation, the quantitative re- 
lationships for determination of F,- versus 
electrode potential dependencies by using 
the electrode charging curve and the shifts 
of electrode potential with the concentra- 
tion of adsorbed ions (so-called adsorption 
shift of potential) [65], The measurements 
of this sort gave the results that agree with 
direct data on ionic adsorption obtained by 
radiotracer techniques [66]. Equation (48) 
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allows us to describe the effect of specif- 
ically adsorbed ions on the hydrogen 
adsorption. Inasmuch as ionic adsorp- 
tion affects the hydrogen and oxygen 
adsorption, an attempt should be made 
in using these effects for determination 
of ionic adsorption on platinum group 
metals [67]. 

In contrast to mercury-like metals, 
the adsorption of ions on platinum 
metals appears to be relatively slow [68], 
the adsorption rate v a( j s exponentially 
decreasing with the surface coverage 6 
in accordance with Roginslcii-Zel’dovich 
equation 

Rids = ^ads c® exp(-ar/0) (49) 


where A" a( j s and a are constants (0 < a < 
1) and / is the inhomogeneity factor [67]. 
For the middle coverage of platinum 
metals by ions, a logarithmic dependence 
of 9 on adsorption time f a( j s is observed: 

1 , 

6 = consti 4 In r a( j s (50) 

«/ 


These data confirm that the adsorption 
of ions on platinum metals follows the 
general tendencies of adsorption on the en- 
ergetically inhomogeneous surfaces. This 
conclusion agrees also with the results of 
analyzing the isotherms found for ionic 
adsorption on platinum [68], which follow 
the logarithmic law (Temlcin isotherm): 


const 2 + — In c (b) 


(51) 


and also with the data on the isotherms of 
displacement of one ion by another. The 
latter proved to be helpful when comparing 
the surface activities of ions. Particularly, 
it was found (Fig. 8) that Cs + ions 
displace Na + ions adsorbed on platinum 
at substantially lower bulk concentration 
than that corresponding to the opposite 
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Fig. 8 Isotherms of displacement of 
Cs + cations by Na + (1), and of Na + 
cations by Cs + (2) on platinized 
platinum electrodes at £ = 0 (RHE) in 
the following solutions: 

0.0005 M H 2 SO 4 + 0.001 M 
Cs 2 S0 4 +x M Na 2 S0 4 (1); 0.0005 M 
H 2 SO 4 + 0.001 M Na 2 S0 4 + x M 
Cs 2 S0 4 ( 2 ) [69], 


situation (displacement of adsorbed Cs + 
by Na + ), while the adsorption values of 
Cs + and Na + differ only slightly [69]. 

It should be stressed that the adsorp- 
tion of isotherms accompanied by charge 
transfer differ from those measured in 
the absence of the latter even on uniform 
surfaces. In Refs. [70-74], the isotherm of 
adsorption with charge transfer are consid- 
ered, and the field effect is introduced by 
two different ways: via the Nernst Equation 
and by considering the displacement of wa- 
ter molecules whose adsorption changes 
with potential. This is why the author 
refers to this as combined isotherm. 

In as much as the specific adsorp- 
tion is frequently associated with the 
donor- acceptor ion-metal interaction, 
the state of specifically adsorbed ions re- 
quires special attention. It is supposed that 
specific adsorption can result either in par- 
tial or in complete charge transfer between 
adsorbed species and metal. Although the 
idea of partial charge transfer was put for- 
ward by Lorenz [75, 76] in connection with 
ionic adsorption on mercury, the most im- 
pressive confirmations were obtained for 
d-metals. 


A complete charge transfer makes it 
possible to introduce the term “adatom,” 
whereas the phenomenon of adatom for- 
mation, which occurs before the thermo- 
dynamic potential of the corresponding 
system is reached, was called “underpo- 
tential deposition” (upd) (see Chap. 6). 

A typical example of adatom forma- 
tion known for a long time is the ad- 
sorption of hydrogen ions on platinum, 
which is accompanied by charge trans- 
fer and consequent transition to the 
atomic state. Oxygen adsorption can also 
be considered to be reversible in a cer- 
tain potential region preceding the oxygen 
evolution. 

On the basis of the generalized concept 
of the electrode charge, a consistent 
phenomenological treatment of charge 
transfer during the chemisorption was 
developed [57, 77]. Let us assume that the 
process of type (41) but involving only one 
electron occurs through an intermediate 
adsorption state A: 

Ox + n\e < ■ ■ > A (52) 

A + » 2 g < ■ ■ > Red (53) 




It is evident that n\ + 112 = 1. The 
quantities n\ and «2 are called the formal 
(thermodynamic, macroscopic) charge- 
transfer coefficients. In the case of ad- 
sorption of Ox, the process may stop at 
stage (52), and, in the case of adsorption 
of Red, it may stop at stage (53). It can be 
shown [57] that the formal charge-transfer 
coefficients are determined by the relation- 
ships: 


_i /3GA _ (dr Red) 

f\ V 3r s ) E 
1 (dQl\ _ / 9Tq x \ 


(54) 

(55) 


where T s = r 0x + T Red . 

The values n\ and «2 designate the 
formal coefficients of charge transfer, 
which characterize the overall effect of 
introducing the species into the surface 
layer - both the true (microscopic) charge 
transfer from species to the electrode or 
vise versa, and any charge redistribution 
in the EDL. Thus, differs from zero 
when the charge of an adsorbed species re- 
mains unchanged, however, its adsorption 
changes the double-layer capacitance at a 
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constant potential. This is why, it is hardly 
appropriate to consider nj as the “elec- 
trosorption valence” [78-81], If« electrons 
take part in redox process, we should use 
(ni/n) and (.nx/n) instead of n\ and n 2 - 

The formal charge-transfer coefficient 
can be experimentally determined; 
whereas, the determination of the 
true transfer coefficient based on 
electrochemical data requires making 
assumptions outside the scope of 
thermodynamics [82, 83]. In principle, 
the latter value can be determined 
from nonelectrochemical, particularly 
spectroscopic techniques sensitive directly 
to the electronic states of species and/or 
the metal. 

Charge transfer can be evidenced by the 
enhanced adsorption of ions that proceeds 
simultaneously with the less-pronounced 
adsorption of oppositely charged ions, the 
latter compensating the superequivalent 
adsorption [66]. Namely, the adsorption of 
Na + on platinized platinum in the re- 
gion of positive charges increases in the 
sequence Na2SC>4 < Nal < NaCl < NaBr 
(Fig. 9), whereas the adsorption of an- 
ions grows in a row SO4 2 - < Cl - < 


Fig. 9 Dependencies of Na + 
adsorption on the potential of a 
platinized platinum electrode in the 
following solutions: 0.0005 M 
H 2 SO 4 + 0.0015 M Na 2 S0 4 (1); 
0.001 M HC1 +0.003 M NaCl (2); 
0.001 M HBr + 0.003 M NaBr (3); 
0.0005 M H 2 S0 4 + 0.003 M Nal [ 66 ], 



Potential 
[V, RHE] 
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Br“ < I . Thus, the sequences for specific 
adsorbability and superequivalent adsorp- 
tion disagree. This phenomenon can be 
explained under a supposition that the 
charge-transfer degree increases with the 
adsorbability. The approximately constant 
or even slightly decreasing adsorption of 
Na+ observed with the growth of potential 
indicates that the charge-transfer degree 
increases as the potential shifts towards 
more positive values. 

The charge transfer, which accompanies 
the adsorption processes, can affect the 
latter because the ionic charges are 
spread over the surface in a peculiar 
manner. Consequently, the Esin-Marov 
effect can be substantially weakened. 
A direct determination of Esin-Markov 
coefficient on platinum group metals [54] 
demonstrates no effect altogether, which 
can be explained by a pronounced charge 
transfer from adsorbed anions. According 
to the thermodynamic theory of the 
platinum hydrogen electrode, there are two 
Esin-Markov coefficients corresponding to 
the constant values of free and total charges 
respectively. When comparing the data for 
Pt and Hg electrodes, one should use the 
former coefficient. 

Charge transfer manifests itself also 
by a slow establishment of adsorption 
equilibria mentioned in the preceding 
text, a slow exchange between adsorbed 
ions and solution, temperature effects, 
and the adsorption isotherms of strongly 
surface-active ions. The latter isotherms 
demonstrate a slope close to that known 
for the adsorption of neutral and low- 
polar species, namely, H at j s , for which the 
Temkin isotherm is applicable [67]. 

For charge transfer from adsorbed ions 
to the metal surface, a problem arises as to 
whether this charge should be attributed 
to the “electrode” part of the double-layer 
or to its ionic part. Depending on the 


solution of this problem, the conclusion 
on the pzfc (potential of zero free charge) 
shift induced by specific adsorption can 
change. As demonstrated in Ref. [84], 
the pzfc of a platinum electrode can 
shift substantially towards more positive 
and more negative potential values when 
I - and Tl + , respectively, are adsorbed. 
Thus, the direction of the pzfc shift is 
opposite as compared with that induced 
by the adsorption of the same ions on 
mercury-like metals. Hence, under the 
conditions of charge transfer, we can 
discuss only conventional zero free charge 
potentials, because, actually, the nature of 
the electrode surface changes. 

Complete charge transfer (upd) is possi- 
ble when the support-adsorbate interaction 
is stronger than the lateral interaction in 
the adlayer. Usually, upd induces mono- 
layer coverage; however, for certain sys- 
tems the formation of second and even 
third layer turns out to be possible, and 
these layers do not resemble the corre- 
sponding bulk deposits. 

Consideration of perfectly polarizable 
electrodes presented in the preceding text 
is related to equilibrium conditions (E = 
const). When dealing with nonpotentio- 
static modes (linear, stepwise, sinusoidal, 
etc.), one always observes not only double- 
layer capacity but also pseudocapacity 
induced by the changes of surface cov- 
erage with time in the course of reactions 
(52, 53). Conway, Gileadi and coworkers 
intensively studied this problem Refs. [85, 
86 ], 

An application of the thermodynamic 
theory of Pt hydrogen electrode to the re- 
versible adsorption of organic substances 
leads to a conclusion [87] that the max- 
imum adsorption of neutral molecules 
should be observed in the potential region, 
where the adsorption of both hydrogen 
and oxygen is low (so-called double-layer 



region). However, this conclusion was 
never checked, because for the majority 
of adsorbates, the destruction of organic 
molecules in the course of adsorption 
was found [88], which was accompanied 
by their hybridization, dehydridization, as- 
sociation of adsorption products, and so 
forth. Hence, their adsorption appears to 
be irreversible, and the composition of 
adsorbed species differs from that in the 
solution bulk. In this case, /Z; ads) # 
no exchange between adsorbed layer and 
solution occurs, the species cannot be 
desorbed in pure solvent, and no unam- 
biguous relationship exists between the 
bulk and surface concentrations of adsor- 
bates. Certain inorganic ions (like I - in 
acid media) are also adsorbed irreversibly 
on platinum. 

In parallel with complications induced 
by irreversible adsorption, new approaches 
to the experimental studies of surface 
excesses are developed. Namely, the adsor- 
bate’s state and coverage usually remain 
unchanged when the potential is switched 
off and the electrode withdrawn from so- 
lution. Moreover, some adsorbed layers 
remain stable even under UHV conditions, 
and a number of highly informative ex situ 
spectroscopic techniques were success- 
fully applied to the studies of adsorption 
on d-metals [89-91]. 

Modeling of electrochemical interfaces 
under UHV conditions supplements the 
aforementioned approaches. For example, 
it exploits the controlled modification of 
the metal/vacuum interface by the various 
components typical of electrochemical in- 
terfaces (ions, solvent molecules) and reg- 
istration of infrared reflection-absorption 
spectra along with work function mea- 
surements [92]. A gradual increase in the 
surface coverage by solvent molecules, 
which changes from a submonolayer up 
to multilayers at various doses of adsorbed 
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ions, makes it possible to clarify the roles 
the ion solvation and the metallic surface 
solvation play in the interfacial structure, 
and, particularly, understand the mecha- 
nism of solvophilicity of metals. 

In the potential region where forma- 
tion of chemisorbed oxygen layers and 
phase oxides takes place, the adsorption 
phenomena become irreversible and ex- 
tremely complicated, because almost all 
solution components can take part in 
electrode reactions and undergo electro- 
chemical transformations. The adsorption 
peculiarities under these conditions differ 
strongly from those known for d-metals 
in the absence of oxygen adsorption. For 
example, the adsorbability sequence for 
halide ions on Pt at E > 1.5 V (RHE) trans- 
forms into I - < Br“ < Cl - < F“ [93]. It 
is assumed that anions penetrate into 
the oxide layer with parallel dehydration, 
and their susceptibility to injection corre- 
lates with the reciprocal crystallographic 
radia. The adsorption versus potential de- 
pendence appears to be nonmonotonous 
and demonstrates a number of maxima; 
moreover, in a number of cases, the max- 
ima of anion adsorption correspond to the 
maxima of cation adsorption [94-98]. It 
was also found that organic substances 
could adsorb at high anodic potentials on 
platinum group metals [99]. The mecha- 
nisms of these phenomena still remain 
unclear. 

In principle, the theory of reversible elec- 
trodes can serve as the basis for developing 
the thermodynamic approach to the sur- 
face electrochemistry of oxide materials 
with metallic conductivity (iridium, ruthe- 
nium, tin dioxides, and so on) [100]. In 
addition, the properties of these interfaces 
can be considered within the framework of 
three models: the classical model of bound 
sites [101], which can be modified by con- 
sidering several types of surface groups 
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(MUSIC model) [102, 103]; various modi- 
fications ofGrahame-Parsons model [104]; 
and the model of nonlocal electrostat- 
ics [105]. On oxide surfaces, functional 
groups are present, which can be ionized 
reversibly upon their contact with the elec- 
trolyte solution: 

MOH 2 + 4=y MOH + H+ (56) 
MOH 4=y MO - + H+ (57) 

MOH 2 + . . . A“ 4=y MOH + H + + A“ 

(58) 

MOH + C+ 4=y MO“ . . . C+ + H+ 

(59) 

where C + and A - are cations and anions 
of the electrolyte. In this case, the specific 
adsorption of certain components can be 
considered as an increase in the binding 
degree of this component with the surface 
functional groups [106]. 

For oxide/solution interfaces, a pro- 
nounced correlation was revealed be- 
tween the type of organic compound and 
their adsorption [107]. Such selectivity was 
noted for adsorption on metals and can 
point to the chemisorption nature of the 
metal -adsorbate interaction [108]. 

A modern stage in the development of 
notions of specific adsorption is masked 
by a changeover to describing this phe- 
nomenon on a microscopical level, using 
computational approaches to simulation 
of adsorbed layers. We can expect a rapid 
progress in these directions, because the 
information on the microscopic structure 
of adlayers becomes progressively more 
available because of studies on single- 
crystal electrodes and the results of physi- 
cal surface science techniques. 

There is a number of novel problems in 
the field of specific adsorption induced 
by fast progress of material science. 
Particularly, the role of nanostructure 


and nanoheterogeneity should be stressed 
because rather unexpected features of 
adlayers result from comparable sizes of 
adsorbate molecule and surface fragment. 
One of the aspects of this problem 
is the effect of long-living metastable 
surface defectiveness that is responsible 
for “adsorption traps,” the surface centers 
with anomalously high adsorption ability. 

Specific adsorption is rated among the 
most important phenomena in surface 
science. Its unique importance for electro- 
chemistry is dictated by the role of specific 
adsorption of reactants and products, and 
also of inert solution components in the 
kinetics of electrode reactions. Adsorption 
can change not only reaction rates but also 
the mechanisms. 
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3.2 

State of Art: Present Knowledge and 
Understanding 

C. Horanyi 

Institute of Chemistry, Budapest, Hungary 
3.2.1 

Historical Background 

The thermodynamic treatment of ideally 
polarizable interphase (the term used 
when no charged component is common 
in two adjoining phases) leading to 
the Gibbs adsorption equation owing 
to the nature of the thermodynamic 
approach conveys no information about 
the structure of the interphase and has 
nothing to do with the forces playing role 
in the formation of this structure. 

The strict thermodynamic analysis of the 
interphase is based on data available from 
the bulk phases (concentration variables) 
and the total amount of material involved 
in the whole system figuring in the 
relations expressing the relative surface 
excess of suitably chosen (charged or 
not charged) components of the system. 
In addition, the Gibbs equation for a 
polarizable interphase contains a member 
related to the potential difference between 
one of the phases (metal) and a suitably 
chosen reference electrode immersed in 
the other phase (solution) (and attached to 
a piece of the same metal that forms one 
of the phases). 

The only model used in the case of 
such a treatment is the assumption that 
the existence of charged particles (ions 
and electrons) in the bulk phases can be 
considered as a physical reality. 

In the historical development of the con- 
cept of electrified interphase, the modeling 
preceded the strict thermodynamic de- 
scription and thus for a long period, only 
the double-layer model served as a unique 


basis for the elucidation of the problems 
connected with electrified interphases. 

In constructing models for interfacial 
structure, only long-range electrostatic 
effects were considered and aside from 
the magnitude of the charges on the ions 
(and their radii) the differences in the 
chemical nature of the different ions were 
ignored. The well-known Gouy- Chapman 
(GC) model is based on this approach 
(see Chapter 2.2, Sect. 2.2.2). However, the 
experimental observations furnished more 
and more evidences that the behavior 
of several systems deviates significantly 
from that expected on the basis of GC 
theory. One of the well-known examples 
was the significant deviation of the surface 
excess of anions measured at Hg electrode 
at positive potentials. It was reasonable 
to assume that these deviations should 
be ascribed to short-range interactions 
between the ions and the surface of the 
metal. As these types of interactions should 
be specific for both metal and ions, the 
adsorption resulted by these forces could 
be named as specific adsorption. 

Although different definitions and 
names for this phenomenon have been 
proposed, the most general definition 
(accepted by IUPAC as well) is an 
operative one defining specific adsorption 
as the deviation from the extent of 
the adsorption predicted by GC theory. 
In contrast to this, the adsorption of 
ions “obeying” GC theory is termed as 
nonspecific adsorption. It is important to 
emphasize that the distinction between 
specific and nonspecific adsorption is 
based on an arbitrarily chosen model 
assumption. It should, however, be borne 
in mind that it is impossible, by means of 
thermodynamic arguments, to determine 
the extent of the contribution of the specific 
adsorption to the overall surface excess 
concentration and to the charge density. 
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This means that the concept of specific 
adsorption involves the use of nonther- 
modynamic methods and model assump- 
tions. 

For the orientation of the reader, we 
summarize the fundamental elements of 
the characteristic features of the double- 
layer model relating to the specific ad- 
sorption on the basis of the correspond- 
ing IUPAC recommendations [1], For a 
detailed survey including historical back- 
ground, see elsewhere [2-7]. 

3.2.2 

The Structure of the Double Layer 

Recapitulation of fundamental notions In 
the case of nonspecific adsorption it is 
assumed that ions retain their solvation 
shell, and in the position of closest 
approach to the interface they are separated 
from it by one or more solvent layers. 
The locus of the electrical centers of 
nonspecifically adsorbed ions in their 
position of closest approach is the outer 
Helmholtz plane (OFIP). 

The position of this plane for the anion 
and the cation of the electrolyte may differ. 
It may also differ for the different cations 
and the different anions of solution. The 
region in which nonspecifically adsorbed 
ions are accumulated and distributed by 
the contrasting action of the electric field 
and thermal motion is called the diffuse 
layer. The region between the OFIP and 
the interface is called the inner (compact) 
layer. 

In accordance with the IUPAC defi- 
nitions [1] denoting by X 2 , the distance 
of OHP from the interface, and by 0 2, 
the mean electric potential at OHP, the 
potential drop across the inner layer is 
(0 M — 02), while in the diffuse layer it is 
(02 — 0 S ) where 0 M and 0 s are the inner 


potentials of the metal and electrolyte, re- 
spectively. It is often convenient to take 0 s 
as zero. 

The surface free charge density in the 
diffuse layer is denoted by er d and it 
may be regarded as made up of the 
charges contributed by the surface excess 
or deficiency of each ionic species (T, ) 

= Z! ztn f = J2 zi r < (1) 


the sum being overall ionic species in the 
solution. 

On the basis of the formal relationship 


d(0 M — 0 s ) d(0 M — 02) 
der M der M 

d(0 2 - 0 S ) 

da M 


( 2 ) 


the differential capacitance of the whole 
interphase can be conceived as composed 
of two components, so Eq. (2) may be 
written as 


C~ x = (C 1 ) -1 + (C d ) _1 (3) 


that is, the interphase behaves as a 
series combination of C 1 , the inner- 
layer capacitance, and C d , the diffuse-layer 
capacitance. 


The double layer in the case of specific 
adsorption In the case of specifically ad- 
sorbed ions it is assumed that they pen- 
etrate into the inner layer and may (but 
not necessarily) come in contact with the 
metal surface. They are usually assumed 
to form a partial or complete monolayer. 
The locus of the electrical centers of this 
layer of specifically adsorbed ions is the 
inner Helmholtz plane (IHP) assumed to be 
at a distance x\ from the metal surface. In 
certain cases the amount of charge of the 
ions specifically adsorbed in the IHP (er 1 ) is 
higher than the charge on the metal phase 
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(with the reverse sign); thus the charge of 
the diffuse layer has the same sign as that 
on the metal (superequivalent adsorption). 

If the contribution to the solution 
charge from ions whose centers lie in 
the region x\ < x < X 2 is denoted by 
a 1 , the electroneutrality condition for the 
interphase will be as follows: 

cr M = — er S = — (a 1 + cr d ) (4) 

The separation of er s into a 1 , and cr d 
cannot be made without the introduction 
of a model. Use of the GC theory and 
the assumption that one of the ionic 
components is not specifically adsorbed 
enables the other er d to be calculated and 
so the specifically adsorbed charge due to 
the other ion to be obtained: 


In view of the short-range of the forces 
causing specific adsorption, the quantities 
a j are often equivalent to less than one 
monolayer of ions. Consequently the real 
distribution is often represented in models 
as a monolayer of ions with their centers 
on the IHP. 

The charge in the diffuse layer is now 
a —-a ~ 2_^ G j (6) 


and the corresponding differential capaci- 
tance (C d ) of the diffuse layer is 

j dtr d 

C d = - (7) 

d(<p2 ~ 0 s ) 

Thus Eq. (3) can be replaced by 


C _1 


(C 1 )” 1 + (C 11 )- 1 


/1 + dE'jy 1 

\ dff M J 

( 8 ) 


The inner-layer capacity can be further ana- 
lyzed to express its dependence on specific 


adsorption. The potential drop across the 
inner layer may be assumed to depend on 
the charge cr M and specifically adsorbed 
charges a). From this assumption it fol- 
lows generally that 


d(0 M - 02) 


9(0 ~ 0 2 ) 

dcr M 


dcr 


M 


E 


9(0 M - 02) 

da) 


da) (9) 


or 


d(0 M -0 2 ) _ i 

d<r M “ C 1 


9 (0 M — 02 ) 


dcr M 


E 


3 (0 M - 02 ) 


3u; 


d ff j \ 

du M J 


( 10 ) 

Thus the inner-layer capacitance may be 
related to a series of partial capacitances 
that depend on er M : 



3u m 

3(0 m - 0 2 )J (j1 

j 


( 11 ) 


and each a) for the specifically ad- 
sorbed ions: 


(„d\ _ 

1 

b ' 
cr> 

1 

Id - 

_ 9 (0 M — 0 2 ) J 


( 12 ) 


Here the subscript a) means that all a) are 
kept constant except one. 


3.2.3 

Thermodynamics and Models 

3. 2. 3.1 The Extent of Adsorption 

In the previous section it was emphasized 
that the charge distribution in the double 
layer cannot be described without model 
assumptions concerning both the specific 
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adsorption and the electrostatic adsorp- 
tion. It should, however, be taken into 
consideration that a strict thermodynamic 
treatment of the interfacial phenomena 
lead to the determination of the extent 
of adsorption in terms of relative surface 
excesses, quantities that are not depend- 
ing on the choice of the position of the 
plane of the interface; however, through 
the Gibbs -Duhem equation they depend 
on which component is taken as a basis 
for the expression of the relative surface 
excesses of the other components [8]. In 
electrochemistry, mostly the solvent is con- 
sidered as such basis. 

Thus, the relative surface excess con- 
centration (T') of some ;th component 
referred to the solvent (water) is given by 
the equation: 



(13) 

in the case of any arbitrarily chosen 
reference system, where n, and « w are the 
numbers of moles of the / th component 
and of the water, respectively, in the entire 
system, x; and x w are the corresponding 
equilibrium concentrations, T, the surface 
excess of component i with respect to 
the arbitrarily chosen reference system 
defined by 


Vi = -n r Xi ) (14) 

where n r is the total amount (in moles) 
of the chosen reference system. It may 
be seen from these simple relationships 
that while the expression for relative sur- 
face excess contains only easily measurable 
variables characterizing the system stud- 
ied, the T,- surface excess strongly depends 
on an arbitrary chosen parameter, « r . 


In the case of models, an adsorption 
layer of some definite thickness is as- 
sumed; therefore, we can write 

m = n* + nf 

«w = n% + n% (15) 


where the indices a and S refer to the 
adsorption and liquid phase, respectively. 
Since 



(16) 


we obtain the relation 



(17) 


If a monomolecular adsorption layer is 
assumed, for the total surface area A 
we have 


J2 A ‘ n * = A (18) 


where A; is the surface requirement of one 
mole of the i th component. From this 


n 


a 

w 


A -J2 A i n i 


and hence 


(19) 



a -£ a «- 



( 20 ) 


In dilute solutions x; <?C x w and x w « 1, 
and therefore 


r; 



(21) 


That is, the thermodynamically deter- 
minable relative surface excess amount is 
practically the same as the total amount 
of substance in the monomolecular layer, 
and on the basis of the aforementioned 
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text, the coverage ©,■ relating to the ;th 
component is 



(22) 


In the sense of the outlined model, the 
surface is always completely covered, and 
thus the adsorption of some dissolved 
component S can in essence be regarded 
as an exchange process, characterized in 
the simplest case by the equation 


Ss + H 2 O a ^^S a + H 2 O s (23) 


In a system consisting of solvent (water) 
and a single solute, we have for this 
equilibrium 


a l a l = /|/w _ 44 

4< fin ' 4< 


(24) 


The a values are the activities referring to 
the adsorption and solution phases, while 
the / values are the activity coefficients. 
From the above relations it follows that 


K 4 _ /s a /w 

4 

_ /s 3 /w 

A w «g 

4 nfi 

rL w 

fin 

A — As^| 

f a f s 
_ J S-2W 

A w 

©s 


fS fa 

J w J w 

As 

1 ©s 


In dilute solutions, / 

S S //w can 

be regarded 


as constant, and in ideal mixtures as unity. 
Further, x w « 1, and thus 


Kxl 


f[ A w Qs 

n ' As 1 - ©S 


(26) 


This is in effect the equation describing 
the adsorption isotherm (see later). If the 
adsorption phase is also regarded as an 
ideal mixture, that is, (/|//„) ^ 1, we 
obtain the Langmuir isotherm. 

If we consider the problem in a more 
generalized form, the surface excess con- 
centrations r,- per definition can be given 


by the equation: 

r i =j(n i -n I i ) (27) 

where n,- is the amount of component i 
in the whole system and n’ c i is the amount 
of component i in the reference system. 
The difference between T,- and T' can be 
expressed as 


a Vi = r' - r, = nt 

1 Ay W 

/l Aw 


1 x, 
A x*w 


(«w - »w) = 


T w (28) 


According to Eq. (28), at a constant solu- 
tion composition, the smaller the absolute 
value of T w , the smaller is the absolute 
value of the difference between surface ex- 
cess concentrations and (relative) surface 
excesses. Since the extent of the refer- 
ence phase can be selected arbitrarily, and 
the value of AT/ depends directly on this 
choice, the latter is ill defined from a 
thermodynamic point of view. However, 
by introducing some nonthermodynamic 
assumptions, the value of AT, can be es- 
timated for several special cases. If the 
above-mentioned monolayer model can be 
considered as a reliable description of the 
interphase, the value of T w is small, and 
the concentration of the species i in the 
solution (xj) is also low, therefore AT/ is 
negligible, and Eq. (22) is always true. 

The thickness of the adsorption layer, the 
diffuse part of the double layer, strongly de- 
pends on the total ion concentration, on the 
ionic strength. Consequently, if the ions in- 
volved in specific adsorption are present at 
a low concentration and the total ionic con- 
centration is also rather low, the monolayer 
model cannot be used without restrictions. 

There is a very important point to be 
stressed. Although F,- values are arbitrary 
depending on the choice of the reference 
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system, the charge on both sides of the 
double layer expressed through Zi H 
according to 

^ M = -^ S = -E^ r ‘ = -E^r; 

(29) 

does not depend on this choice as 

J2 ZiVi = J (J2 n ‘ Zi ~ nT J2 XiZ ‘) 

= jJ 2 ' liZi (30) 

E z ' r ' = j (jl n ‘ zi - ^J2 x ‘ Zi ) 

= jJ2 ,uzi (31) 

considering the very fact that owing to 
the electroneutrality of the bulk solution 
phase, X>7 Zi = 0. 

3. 2. 3. 2 Adsorption Isotherm 

Adsorption in systems of neutral mole- 
cules is frequently expressed in terms 
of an adsorption isotherm that gives the 


amount adsorbed (or surface excess) as 
a function of bulk activity of the same 
species at constant temperature. In the 
case of electrified interphases the electrical 
state of the interphase must also be 
kept constant for the determination of 
the relation between surface and bulk 
concentrations. 

Two ways for this are followed in the 
practical determination of the isotherms. 
These are the determination at constant 
u M or at constant (<p M — fi s ) (or at 
some constant cell potential). From a 
thermodynamic point of view, isotherms 
with respect to relative surface excesses 
may be determined at constant charge 
or at any well-defined constant potential. 
However, the interpretation and physical 
meaning of the results may be significantly 
more difficult in the case when constant 
cell potential is used. 

In the case of adsorbed layers, by analogy 
with the two-dimensional pressure of 
spread films, a surface pressure defined 
as the change of interfacial tension (y) 


Tab. 1 Adsorption isotherms 3 


Name Isotherms 


Henry 

Langmuir 

Volmer 

van der Waals 

Virial 

Frumkin 

Modified H.F.L. (Helfand, Frisch, and 
Lebowitz, modified by Parsons) 


da/ = RT <9 
ft 

da; = 


1 -6 
RTT; dr,- 

/3a ' = 


i - dr, 

Rrr, far,- 

da, = ; — exp ; — exp(— 2r6) 

P 1 - dr, P 1 - dr, P 

da; = T; exp(— 2 rft) 


d a ; = 


d a ; = 


1 - 


■ exp(— 2 rft) 


1 — 6 0.907 


exp 


1 + 0(1 - 6 ) 
(1 ~0) 2 


exp(— 2 rft) 


3 a; = activity of the ions; r = interaction parameter determinable from experiment in isotherms 
1 -7; d = van der Waals constant; and 9 = fraction of the surface covered by ions. 
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caused by the addition of a given species to 
a base solution is introduced. At constant 
cell potential this is 


X = Kbase - Y (32) 


where pb ase is the interfacial tension of the 
base solution. 

The analogue quantity at constant 
charge is 

® = £base - ? (33) 


where 


£ = y + oE 


(34) 


For this case the Gibbs adsorption 
equation takes the form 

— d y = ° M dE+ + rfd/x sa | t (35) 
-dy = cr M dE- + r+d/i salt (36) 

where E + and E- are the potentials with 
respect to a reference electrode reversible 
for the cation and anion, respectively, Tl 
and T(|_ are the corresponding relative 
surface excesses (see Eq. 13) of the ions. 

The relative surface excesses can be 
obtained from the following relationship: 


In both cases, all other variables should 
be kept constant. However, in reality the 
interfacial concentration of other species 
may be changed by the introduction of one 
of the components. 

Various isotherms were proposed on the 
basis of different physical models. Three 
approaches should be distinguished [1]. 



r± 


(37) 


A very important indicator of the occur- 
rence of specific adsorption is the so-called 
Esin-Markov coefficient, which in a gen- 
eralized form can be given by the following 
equation: 


1. The solution phase is considered as 
a continuum and the behavior of the 
adsorbed species is similar to that of 
the adsorbate at the vapor-condensed 
phase interface. 

2. The adsorption process is a replacement 
reaction in which the adsorbing species 
replaces another species, normally the 
solvent (see previous section). 

3. The interphase is regarded as a two- 
dimensional solution. 

Some of the isotherms described in the 
literature are shown in Table 1. 

3. 2. 3. 3 Indication and Evaluation of 
Specific Adsorption 

In order to show how the occurrence of 
specific adsorption can be demonstrated 
through thermodynamic relationships, we 
consider a simple case: solution of a salt 
MeX containing Me + and X - ions in 
contact with Hg. 


/ dE± \ 1 / dE ± 

\ ^ /Galt / <t m RT’ \ 3 In c/ sa it 

Originally the notion of Esin-Markov co- 
efficient was introduced for the condition 
of cr M = 0, that is, for the effect observed 
at the potential of zero charge (E p2C ). 
In the absence of specific adsorption the 
Esin-Markov coefficient is zero, that is, 
no shift of the PZC should occur when the 
concentration (activity) of the electrolyte is 
changed. The origin of the shift at ctm = 0 
in the case of specific adsorption can be 
understood easily. Holding the potential 
at Ep ZC , if the addition of the salt is fol- 
lowed by the specific adsorption of the 
anion or the cation, this process should re- 
sult in a change in the electric state of the 
interphase. The charge of the specifically 
adsorbed species should be compensated 
by the charge of the counterions on the so- 
lution side of the double layer. This means 
that at the preselected potential value, er M 
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does not remain zero following the adsorp- 
tion. In order to attain again the cr M = 0, 
the potential of the electrode should be 
shifted to a new value. In general, specific 
adsorption of anions is indicated by nega- 
tive shifts in potential at constant charge 
density, while specific cationic adsorption 
results in the opposite shift. 

The determination of the extent of 
specific adsorption, remaining at the 
above-mentioned simplest case (MeX), 
follows the following pattern. 

In these simplest cases the evaluation 
of the specific adsorption is based on 
the assumption that one type of ion 
in the electrolyte is not involved in the 
specific adsorption. Mostly anionic specific 
adsorption is calculated assuming that 
the cation (often an alkali ion) is not 
specifically adsorbed. This means that 
the cation is only in the diffuse layer. 
Determining T'_ and T^ from Eq. (37) 
(by measuring the interfacial tension), it is 
possible to calculate, from T' + the extent 
of rl, excess concentration of the anion 
in the diffuse layer, by the relationships of 
GC theory. 

The amount of specifically adsorbed 
anion is then obtained by the difference 

r!_ p = r_ - ri (39) 

(In the case of dilute solutions T(_ T_). 

The reliability of such a determination 
depends on the validity of GC theory. In the 
case of strong specific anion adsorption, 
this method furnishes reliable results. The 
errors in the determination of rl are 
greatest when specific adsorption is weak 
and the solution is dilute. 

For the interpretation of inner-layer 
models in the absence of specific adsorp- 
tion, it is very important to find cases and 
systems where there is no specific anion 
adsorption at all. 


In the case of mercury it is accepted 
that specific adsorption of F - plays no role 
under certain conditions. 

However, this conclusion for mercury 
electrodes cannot automatically be carried 
over to other metals shown, for instance, 
in studies of Ag electrodes [9, 10]. 

The “method of mixed electrolytes” first 
presented in two fundamental papers by 
Hurwitz [11] and Dutkiewicz and Par- 
sons [12] was an important contribution 
to the methods of evaluation of specific ad- 
sorption. In Ref. [11], Gibbs’s adsorption 
equation has been derived in a general 
form for the case of mixed solutions of 
strong electrolytes at constant molal ionic 
strength. 

It was predicted that in the case of 
the binary systems NaF-NaX or KF- 
KX (X=C1 _ , Br - , I - ), investigated at 
constant molal ionic strength at a mercury 
electrode, the treatment would lead to 
the specifically adsorbed surface excess of 
Cl - , Br - , I - , provided that the specific 
adsorption of F - is considered negligible, 
which seems a reasonable assumption. 
Likewise, it was demonstrated that the 
determination of Tc s + for Cs + from 
mixtures of the type LiCl-CsCl is possible 
if the specific adsorption of Li + is assumed 
to be weak. 

In Ref. [12] the specific case of KI + KF 
system was discussed in detail. 

Their derivation, which could be an illus- 
trative example on how to treat a problem 
simultaneously in terms of thermodynam- 
ics and model approach, is as follows. 

The electrocapillary equation for a pure 
mercury electrode in contact with an 
aqueous solution containing KI and KF 
at constant temperature and pressure may 
be written 

-d y = r' K+ djl K + + rj-d/fi + Tp-d/Lp- 

(40) 
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where y is the interfacial tension, yi/ the 
electrochemical potential of species i , and 
T' is the surface excess of species i relative 
to the water. If we introduce the chemical 
potentials of the salts and eliminate the 
electrochemical potentials of the anions, 
we may write Eq. (40) in the form 

— d y = a A E + + r{_d/r K i + Tp_d/x K F 

(41) 

where er is the charge per unit area on 
the mercury surface, E + is the potential 
of the mercury electrode with respect to 
a reference electrode reversible to the 
potassium ion in the working solution, 
and yty is the chemical potential of the 
salty. 

Making the very plausible assumption 
that in a mixed-salt solution of constant 
total concentration, we may write 


diffuse layer, then it follows that 


because the concentration of ions of the 
same charge in the diffuse layer is directly 
proportional to their bulk concentration. 
Thus it may be seen from Eq. (45) that 
the second term in the coefficient of 
dln.r in Eq. (44) is simply the surface 
concentration of iodide in the diffuse layer, 
and Eq. (44) reduces to 

-Ay = oAE+ + r;_RTdln.r (46) 

Finally, since the concentration of K + is 
constant and the activity coefficients are 
constant to a good approximation, 

AE + = dfsN.c.E. (47) 
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d/iRi = RTdln/MKi = RTdlnx (42) 


where /«ki is the molal concentration of KI, 
x = wki/('mki + »!kf), and m ki + wrf is 
constant. Similarly, 


d/ZKF = RTdln/MKF = RTdlnfl — x ) 


= — R T 


x 


1 — X 


dln.r 


(43) 


Substituting Eqs. (42) and (43) in Eq. (41), 
we obtain 


—Ay = ctAEj, 


4 - 


1 — X 


where £n.c.E. is the potential of the mer- 
cury electrode with respect to the normal 
calomel electrode. Thus the coefficients 


dy \ 

RTdlnx) F 

' cn.c.e. 

/ 9£n.c.e. \ 

\ RT 9 In x ) a 


-4 



(48) 

(49) 


give directly the surface excess of iodide 
ion present in the inner layer, if 


In.c.e. = y + cr E n.c.e. (50) 


3.2.4 

Specific Adsorption at Solid Electrodes 


x r' 


R'/'d In . 


(44) 


Now the total surface excess of iodide ion 
can be divided into that present in the 
inner layer, Tj_, and that present in 
the diffuse layer, TjL . If it is assumed that 
the fluoride ion is present only in the 


3. 2. 4.1 The End of the “Mercury Era” 

During the first half of the last century, 
both the theoretical and experimental work 
in connection with electrified interphases 
were mainly centered around the mer- 
cury-water system. 

Considering the potentialities of the 
available experimental methods, this was 
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the only feasible way to understand double- 
layer phenomena and to create a reliable 
theoretical basis for the interpretation of 
the phenomena observed. 

In principle, in the case of nonspe- 
cific adsorption the nature of the electrode 
metal should play a secondary role; there- 
fore, the fundamental relationships found 
for this type of adsorption in the case of 
mercury should be of general validity, in- 
dependent of the nature of the metal. In 
reality, the experimental results obtained 
with mercury, the methods for the evalu- 
ation of these experimental data, and the 
theoretical efforts to interpret them served 
as very important basis for the study of 
any kind of electrode. Some of these, for 
instance, methods of Hurwitz and of Par- 
sons and coworkers and the Esin-Markov 
effect, were mentioned in the previous 
section. 

It is evident that such methods as the 
application of capillary electrometer or the 
dropping electrode cannot be used in the 
case of solid electrodes. On the other hand, 
the measurement of surface tension and 
surface stress of solid electrodes is not easy 
and in addition, the interpretation of the 
data is very problematic [13-24]. 

Beginning from the fifties of the last 
century, the investigation of the behav- 
ior of solid electrodes came into the 
foreground. The available methods, for in- 
stance, wetting (contact) angle method, the 
measurement of differential capacity, were 
far from furnishing reliable data in the case 
of solid electrodes. 

The practical aspects of electrocataly- 
sis (fuel cell -oriented research) required 
data on the specific adsorption at elec- 
trodes with high real-surface area, while 
for theoretical considerations, results ob- 
tained with well-defined electrode surfaces 
(single-crystal surfaces) were of great im- 
portance. 


The direct in situ study of the specific 
adsorption of ions and organic species 
was dictated by the desire to obtain more 
and more direct information on the pro- 
cesses occurring on the surface of the 
electrode. This was one of the most impor- 
tant factors leading to the elaboration of 
nonelectrochemical methods for the study 
of specific adsorption. For instance, radio- 
tracer method, ellipsometry, and various 
spectroscopic methods (such as Raman 
spectroscopy) should be mentioned here. 

The introduction of new methods re- 
sulted in a change in the philosophy on 
how to separate specific and nonspecific 
adsorption. According to the approach 
presented in the previous section, the 
determination of specific adsorption re- 
quired the deduction of the adsorption in 
the diffuse double layer, calculated on the 
basis of model assumption, from the to- 
tal adsorption determined by well-defined 
and reliable thermodynamic methods. In 
the case of some new methods, the specific 
adsorption of a given species is studied in 
the presence of a great excess of a sup- 
porting electrolyte. If this excess is several 
orders of magnitude higher than the con- 
centration of the species studied, there 
could be no doubt that in the case of a mea- 
surable adsorption of these species (more 
than 10 -n to 10 -12 mol cm -2 ) the value 
obtained should be ascribed to specific ad- 
sorption. This consequence can be clearly 
demonstrated in the case of radiotracer 
adsorption studies. 

For instance, if the adsorption of 35 S- 
labeled H2 SO4 is studied in the presence of 
1 mol dm -3 HCIO4 and the concentration 
of labeled sulfate is 10 -4 mol dm -3 , the ra- 
tio of the adsorption of HSO4 - and Cl04~ 
ions in the diffuse part of the double layer 
should be 10 -4 as well. This means that 
the extent of the nonspecific adsorption 
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of HSO4 - species under such conditions 
should be less than 10 -13 mol cm -2 . 

Despite the development and application 
of new mostly nonelectrochemical meth- 
ods, “classical” electrochemical methods 
remained in use for solid electrodes. 

Whatever the method used should be, 
the study of the specific adsorption in 
the presence of a supporting electrolyte 
has the advantage that the results can be 
obtained directly without any calculations 
based on model assumptions concerning 
the structure of the double layer. 

3. 2. 4. 2 Underpotential Deposition: A 
Limiting Case of Specific Adsorption 

In the literature the specific adsorption and 
the underpotential deposition (UPD) pro- 
cesses are discussed separately. For a long 
period the adsorption of hydrogen on Pt, 
Rh, Pd electrodes at more positive potential 
values than the hydrogen equilibrium po- 
tential was considered as some specific and 
interesting phenomenon characteristic for 
some noble metals and hydrogen. 

However, beginning from the sixties it 
became quite evident that the adsorption 
of metal ions on foreign metal substrates 
is often accompanied by significant charge 
transfer commensurable with the charge 
involved in hydrogen adsorption at noble 
metal electrodes [25-28]. These phenom- 
ena were termed as UPD characterized by 
the general equation 

A/' !+ + n<?“^^M ad (51) 

From thermodynamic point of view, it is 
not possible to decide whether we have 
M n+ and ne~ or M ad at the interface. If 
the equilibrium characterized by Eq. (51) 
is considered as a reality, only two from 
the three reaction partners can be consid- 
ered as independent components of the 
(thermodynamic) system. Depending on 


the choice of the components, the ther- 
modynamic charge Q (the total charge) of 
the electrode at a given potential should 
be different. This total charge should 
be distinguished from the so-called “free 
charge” corresponding to the double-layer 
model believed to exist on the solution side 
and (with opposite sign) on the metal side 
of the double layer formed at the interface 
(see later). 

The study of the UPD of metal ions 
belongs to the group of adsorption studies 
in the presence of a great excess of 
supporting electrolyte as in most cases 
studied the concentration of metal ions 
is chosen to be very low in comparison 
with that of the ions of the supporting 
electrolyte. 

The most important exception to this 
rule is the specific adsorption, the UPD, of 
H + ions or hydrogen adsorption on some 
noble metal electrodes. These systems 
were studied from several molar acid 
concentrations to very high pH values. For 
detailed discussion of UPD see Sects. 3.2 
and 3.3. 

3. 2. 4. 2.1 A Widely Used and Misinter- 
preted Misconception: The Electrosorp- 
tion Valency In the classical double-layer 
models it is assumed that specifically ad- 
sorbed ions retain their original charge 
during the adsorption process. 

In the sixties, Lorenz and coworkers have 
suggested that a purely electrostatic bond 
between the ion and the metal cannot be 
considered as a physical reality and there 
should be a degree of charge transfer 
similar to the formation of a covalent 
bond [29-33]. The specific adsorption on 
the basis of this concept was formulated as 
follows 

RZ = R tl~ X) + ^ e 


(52) 



360 3 Specific Adsorption 


where R~ is the adsorbing species of charge 
ze and A is a dimensionless coefficient, 
denoted as the partial-charge coefficient. 
Thus in the generally accepted model, 
X = 0. If X = 1, then this would imply 
an entirely covalent bond. 

The Lorenz concept of partial charge 
transfer was subject to general criticism by 
Parsons, Damaskin, and other authors and 
these critical views are well summarized 
in the I UP AC recommendations [1] in 
connection with these matters: 

“The fraction of charge shared by the ad- 
sorbed particle may be characterized by a 
partial charge number. This term, although 
conceptually correct when applied to the 
model, is not adequate to indicate the 
quantity accessible to experimental mea- 
surements on a thermodynamic basis. 

The accessible quantity is the formal 
partial charge number defined by 

, -(a» u /i>r B ) £ 

'» = f 

= OMB/9£)r E , M ,^ B f53) 

F 1 ; 

Physically, /b measures the average num- 
ber of unit charge supplied to the elec- 
trode from the external circuit when one 
molecule of species B is adsorbed at con- 
stant potential.” 

Considering that in the overall process 
the adsorption of B could be accompa- 
nied by the simultaneous adsorption and 
desorption of other species changed, for 
instance, oppositely as B, the interpreta- 
tion of the /b values could be very difficult 
(see Sect. 3. 2. 4.2. 2) 

A similar criticism refers to the concept 
of electrosorption valency introduced by 
Vetter and Schultze starting from the 
partial charge concept [34, 35]. 

They described the adsorption equilib- 
rium of a charged species by the following 


equation: 

uM - OH 2 + Sj; q » M - S :+A 

+ Xe + vH 2 0( a q) (54) 

where v is the stoichiometric number, 
S z is the adsorbing species, X is the 
partial charge coefficient, M stands for the 
metallic atom, and S :+A is the specifically 
adsorbed substance. 

For characterizing this process they 
introduced the concept of “electrosorption 
valency,” which is defined by the relation 

1 /9ct m \ _ 1 / dfi s \ 

Y F\d T F\dAf) r 

(55) 

where /x s is the chemical potential of 
the adsorbing species in solution and 
A<ft is the potential difference across the 
interface. 

The term “electrosorption valency” was 
chosen because of the analogy between the 
value, y' as defined above, and the charge 
on the ion, z. If we compare Eqs. (53) 
and (55), the only difference is that in- 
stead of E in the former A <f> can be 
found in the latter. Although £ is a po- 
tential referred to a reference electrode 
while A <p is considered as a potential dif- 
ference across the interface, the physical 
content of the two equations is almost 
the same. Considering the conclusions 
drawn in connection with Eq. (53), the 
electrosorption valency values determined 
according to the preceding definition equa- 
tion could be very misleading if the 
possible simultaneous specific adsorption 
of counterions is not taken into considera- 
tion. This question will be discussed in the 
next section. 

3. 2. 4. 2. 2 Interrelation of Anion Specific 
Adsorption and UPD of Metal Ions The 

simultaneous occurrence of the specific 
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adsorption of anions and the formation 
of adatoms on a surface could result in 
significant difficulties in the calculation of 
the charge and mass balance required for 
the reliable interpretation of the overall 
adsorption phenomena. A number of 
situations should be distinguished in such 
cases; however, we consider two limiting 
cases. 

1. The UPD takes place at a surface (in a 
potential range) where the role of the 
specific adsorption of anions can be 
neglected. In such cases the mass and 
charge balance can be relatively easily 
treated. 

2. The UPD takes place on a surface (in 
a potential range) where the specific 
adsorption of the anions present in 
the system is significant. This group 
of phenomena can be divided into two 
subgroups. 

- Adatoms displace adsorbed anions, 
that is, as the coverage with respect 
to adatom increases the adsorbed 
anions decrease. 

- Specific adsorption of the anions 
takes place as a result of interaction 
with adatoms. The extent of anion 
adsorption is proportional to the cov- 
erage with respect to the adatoms. 
Even if the adatom displaces the an- 
ions adsorbed on the support metal, 
this effect could be compensated or 
overcompensated by the extent of ad- 
sorption induced by the adatoms. In 
the latter case an increase in the 
overall anion adsorption can be ob- 
served and this increase can be called 
induced anion adsorption. 

Radiotracer adsorption studies furnish 
rapid and reliable information on these 
phenomena, using labeled anions in 
low concentration in the presence of 


a great excess of supporting electrolyte 
containing the metal ions forming the 
adatoms present also in a low concentra- 
tion [36-42]. 

In the last three to four years the 
study of the coadsorption of anions and 
other solution components with adatoms 
plays a central role in order to clarify 
the structure of adlayers formed on 
single-crystal surfaces. In most of these 
cases the layer of Cu adatom formed on 
Pt(lll) [43-51] and Au(lll) [50, 52-61] 
surfaces was studied. Several studies 
were devoted to UPD of Ag on Au(lll) 
surfaces [62-66]. 

3. 2. 4. 3 The Generalization of the 
Thermodynamics of Monolayer Adsorption 
in Electrochemical Systems 

The thermodynamics of adsorbed mono- 
layers was first discussed in detail by 
Frumkin and coworkers for the particular 
case of hydrogen adsorbed on a platinum 
metal [67]. Starting from these studies, a 
generalized derivation was attempted by 
Parsons [68] through an illustrative exam- 
ple considering a particular system: a gold 
electrode in contact with an aqueous so- 
lution containing a low concentration of 
thallium perchlorate (1 mM) and a much 
higher concentration of potassium per- 
chlorate (0.1 M). The main stages of this 
derivation will be presented here. 

The interphase was described at constant 
temperature and pressure by the Gibbs 
equation in the form 

-d y = TxAdhTA + Tra^ka + Rrd/xx 

(56) 

where Ti is the surface excess and /x; 
is the chemical potential of species i. T 
represents thallium, A the anion, perchlo- 
rate, and K the cation, potassium. The 
three components are taken as neutral 
species so that the electroneutrality of 
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the interphase is maintained. The chem- 
ical potential of the gold is, of course, 
invariant at constant temperature and 
pressure. 

The chemical potential of the monolayer 
T may be determined from the potential 
(£t) of the working electrode with respect 
to an electrode of pure T, both in 
equilibrium with T ions in the solution, 
that is, the electromotive force (emf) of the 
cell T|T + |T|Au is considered 


Ej = 


(wjg) - /4) 

ZfE 


(57) 


where /x-r (6? ) is the chemical potential of T 
at coverage 6 on the gold surface and is 
the standard chemical potential of pure T. 

It follows directly from Eq. (56) that 
three surface excesses are accessible to 
experiment: 


Tta = 


Tka = 


Tt = 


dy \ 

9/t-TA / /X] 





Pta,Pka 


(58) 

(59) 

(60) 


From these equations, three Lippmann 
equations can be derived depending on 
the choice of reference electrode reversible 
with respect to one of the ions present in 
the system. 

1 . The potential of the working electrode is 
measured against a reference electrode 
reversible with respect to A ions (E A ) 


Qa = Z-V-FT ta = 


( dy 
\dE A 


Pka,Pt 

(61) 


2. Reference electrode reversible with re- 
spect to K ions ( Aj<) 


3. 


0K = 2+v+FTka = 

V 3£ k/ WA iW 

(62) 

Reference electrode reversible with re- 
spect to T ions (£t) 


Gt = ZT FV t = ( (63) 

\o£t/ points. 

z~ , 2 + and are the charge of ions, v_ is 
the number of anions in salt TA, and v + is 
the number of cations in salt KA. Qa, Q k, 
and Qj are the so-called thermodynamic 
or total charges of the electrode. This 
thermodynamic charge in general differs 
from the “free charge’’ believed to exist 
on the two sides of the double layer. 
They can be considered equal to each 
other in the case of ideally polarizable 
electrodes without any charge transfer. In 
such situation the charge of the electrode 
has a single value. 

However, in the case of adsorption 
processes connected with charge transfer 
(for instance, UPD), the thermodynamic 
charge of the electrode has more than one 
value as owing to the equilibrium pro- 
cesses (with charge transfer), the number 
of the degrees of freedom for the choice 
of thermodynamically independent com- 
ponents decreases, that is, it will be less 
than the number of chemical components 
distinguishable in the system. 

In the case discussed above we have the 
following choices. 

The system is built up from 

1. KAandT 

2. TA and T 

3. KA and TA 

The Qa , Qk, and Qj charge values cor- 
respond to the charge to be introduced 
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electrically together with the correspond- 
ing material to create 1 cm 2 of interphase 
of the electrode keeping constant all the 
parameters characterizing the system. 

3. 2. 4. 4 Anion Adsorption on Well-defined 
Crystal Surfaces 

Fundamental questions connected with 
the characterization of the double layer 
at well-defined single-crystal faces of solid 
metals have been reviewed and surveyed 
several times by Hamelin [6, 69-72]. 

Since the early 1980s, cyclic voltammetry 
has been used to characterize single-crystal 
electrodes in terms of surface order, pres- 
ence or absence of defects contaminations, 
and so on. In some cases the voltammo- 
grams have also been used for identifica- 
tion of adsorbates, mostly on the basis of 
electric charge calculation. However, since 
the double-layer charging and surface re- 
actions such as UPD and anion adsorption 
may occur in parallel, it is difficult to break 
down the total voltammetric charge into all 
of its individual components. Therefore, 
interpretation from voltammetry alone, 
used as a tool for the adsorbed species 
identification, may be ambiguous. This 
has been, for instance, the case with the 
interpretation of the “unusual adsorption 
states” on the Pt(lll) electrode [73-82], 

Although at a very early stage of the 
studies the appearance of the unusual 
peak on the voltammograms of Pt(l 1 1) was 
explained by anion adsorption for a long 
period, the view that it should be ascribed 
to hydrogen adsorption (or incorporation 
of hydrogen) was widely accepted by 
many researchers. Recently the hydrogen 
adsorption model is rejected on the 
basis of reexamination of the problem 
by the most eminent proponents of the 
model studying the unusual desorption 
states on Pt(lll) electrodes by CO and I 
displacement method. Firstly, they arrived 


at the conclusion that the results obtained 
confirm that the charge associated with 
the unusual states is at least formally 
compatible with the exchange of one 
electron per three surface platinum atoms. 

In accordance with this view, the oc- 
currence of the unusual peaks on the 
cyclic voltammograms observed in acetic 
acid-acetate system was ascribed to a 
one-electron-transfer process of acetic 
acid/acetate ions according to the equa- 
tions [83] 

CH 3 COOH^^CH 3 COO ads + H+ + e“ 

at pH < 2 

CH 3 COO - CH 3 COO ads + e 

at pH > 5 

There are, however, many evidences 
demonstrating that the existence of the 
unusual states cannot be easily explained 
with the charge transfer to or from the 
anions (or other species). For instance, re- 
cent spectroscopic studies do not support 
the occurrence of electron transfer in the 
case of anion adsorption [77, 79, 84-88]. 

A very important and confusing ob- 
servation is that the charge involved in 
the unusual states in various solutions 
is nearly independent of the nature of 
the anion, including organic anions. This 
aspect of the unusual states cannot be 
easily reconciled with the charge trans- 
fer to or from the anion as a mechanistic 
origin of the pseudocapacitive current gen- 
erated by the reversibly adsorbed anions on 
Pt(lll). 

Results obtained from careful exam- 
ination of the pH effects on the po- 
tentiodynamic behavior of the Pt(lll) 
electrode in acidified perchlorate solu- 
tions [82] advocate in the favor of the 
assumption that water and not ClC> 4 “ 
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anions are involved in the unusual ad- 
sorption states in the double-layer region 
of Pt(lll). Presumably H 2 O dissociation 
and OH deprotonation are responsible for 
the two main electrode processes in the 
double-layer region of Pt(lll) in NaCl 04 
solutions. 

For instance, in situ Fourier transform 
infrared (FTIR) spectroscopy has been 
used by Faguy and coworkers [79] to study 
the potential dependent changes in anion 
structure and composition at the surface 
of Pt(lll) electrodes in HSO 4 - -containing 
solutions. From the infrared (IR) differen- 
tial normalized relative reflectance data, 
the maximum rate of intensity changes 
for three IR bands can be obtained. Two 
modes associated with the adsorbed an- 
ion and one mode assigned to species is 
not adequately described as either sulfate 
or bisulfate; the data are more consis- 
tent with an adsorbed H 30 + — SO 4 2- ion 
pair, possibly with the three unproto- 
nated sulfate oxygens interacting with Pt 
sites. 

In a series of papers by Liplcowski and 
coworkers, specific adsorption S0 4 2 ~, Cl - , 
and Br - on Au(lll) electrode from 0.1 M 
HCIO 4 + x M K 2 SO 4 and 0.1 M HCIO 4 + 
x M KC1 or KBr or KI solution was studied 
using chronocoulometry and evaluating 
the data on the basis of thermodynamic 
of ideally polarizable electrode (x varies 
between 5 x 10 - 6 and5 x 10 -3 M) [53,56, 
89-94]. A further study was devoted to 
OH - adsorption [95]. 

We should make a distinction between 
these cases and the case of adsorption 
from a mixed electrolyte at constant ionic 
strength discussed in Sect. 3. 2. 3. 3. In this 
latter case, the investigated anion replaces 
progressively the anion of the supporting 
electrolyte, while in the method by Lip- 
kowski and coworkers the concentration 
of the anion of the supporting electrolyte 


(CIO 4 - ) is kept constant when the concen- 
tration of the adsorbing anion is changed. 
It is considered that the effect of the ad- 
sorption of the anion of the supporting 
electrolyte on the measured surface excess 
of the investigated anion can be mini- 
mized under this condition. In addition, 
it is assumed that in the presence of an 
excess of supporting electrolyte the mea- 
sured surface excess is essentially equal to 
the surface concentration. 

In the case of sulfate adsorption the sur- 
face excesses determined from the charge 
density data were compared with the Gibbs 
excesses determined from radiochemical 
measurements using 35 S-labeled sulfate 
solutions. Very good agreement of the data 
was reported [89]. 

In order to obtain insight into the nature 
of the adsorbed species, Esin- Markov co- 
efficients for SO 4 2- adsorption from two 
series of solutions were determined: ( 1 ) at 
constant pH and variable K 2 SO 4 concen- 
tration; (2) at constant K 2 SO 4 concentra- 
tion and variable pH. The Esin-Marlcov 
coefficients were used to identify the na- 
ture of the adsorbed species (SO 4 2- or 
HSO 4 - ). The authors arrived at the con- 
clusion that SO 4 2- ion is the adsorbed 
species even if HSO 4 - predominates in 
the bulk of the solution. Similar results 
were reported in Ref. [96]. 

This conclusion, however, seems to be 
questionable, in the light of thermody- 
namic considerations and other experi- 
mental results (see later). 

Results obtained for Br - , Cl - , and 
I - adsorption were compared. The main 
conclusions are as follows: All the three 
halides form a chemisorption bond with 
the gold surface. The bonds are quite 
polar at the negatively charged surface; 
however, its polarity drops significantly 
at the positively charged surface. At low 
charge densities and coverages, the bond 
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polarity is determined by the ability of free and neutral media. The adsorption of sul- 
electrons to screen the dipole formed by fate in alkaline solutions is inhibited by 
the adsorbed anion and its image charge the more strongly specifically adsorbed 
in the metal. At high charge densities and OH - ions. The potential dependence of 
coverages, the chemisorption bond has surface coverage, estimated on the basis 
a predominantly covalent character. The of spectroelectrochemical data, indicated 
strength of the halide adsorption and the that a considerable repulsion exists among 
covalent character of the chemisorption the adsorbed sulfate species. The spectral 
bond increase progressively by moving data were compared to those obtained for 
from chloride to iodide. sulfate adsorption on Pt(lll) and on un- 

An interesting comparative study of the derpotentially deposited Ag on the Pt(lll) 
adsorption of bisulfate anion on different surface. 

metals was carried out by Shingaya and Voltammetric study of the adsorption 
Ito [ 88 ], Adsorption of sulfuric acid species of 14 anions on Ag(lll) was reported in 
on various metal(lll) electrodes in a 0.5- Ref. [98]. 

M H 2 SO 4 solution was investigated by IR The specific anion adsorption of chloride 
reflection absorption spectroscopy (IRAS), and sulfate on Cu(lll) from acidic aque- 
Pt, Au, Ag, Cu, and Rh(lll) were used as ouselectrolyteshasbeenstudiedbyBroelc- 
electrodes. According to this study, HSO 4 - mann and coworkers [99] using scanning 
is adsorbed on all of the surfaces including tunneling microscopy (STM) and cyclic 
Pt, Rh, Au, Ag, and Cu in a 0.5-M H 2 SO 4 voltammetry. It was found that at posi- 
solution. It was found that considerable five potentials adsorbed chloride forms a 
amounts of sulfate in addition to bisulfate well-ordered (V3 x V3)R30° superstruc- 
coexist on Ag(lll) in a 0.5-M H 2 SO 4 ture. At negative potentials the bare copper 
solution. An interesting finding that both surface can be observed. In the case of 
DSC> 4 ~ and SC> 4 2 ~ are coadsorbed on sulfate adsorption at positive potentials, 
Au(lll) in 0.5-M D 2 SO 4 + D 2 O solution, high-resolution STM images revealed an 
The interconversion of HS 04 _ /H 30 + and additional species that was assigned to 
H 2 SO 4 that was seen on Pt(lll) was not coadsorbed water molecules. Close-packed 
observed on the other electrodes. The sulfate rows are separated by zigzag chains 
frequencies of the SO 3 symmetric and of these water molecules. 

S— OH stretching bands of a bisulfate Adsorption of sulfate ions on the three 
adsorbed on the electrode surfaces are basal planes of monocrystalline copper and 
related to the electronic state of each silver electrodes in 0.1 M HCIO 4 was stud- 
M(lll) surface. ied by radiometric and electrochemical 

A somewhat different conclusion was re- methods [100, 101]. 
portedfor Ag(lll)byAdzicandcoworkers The adsorption of OH - ions on 
in a study [97] in which cyclic voltamme- the Pt(lll) plane has been studied 
try and in situ IR spectroelectrochemistry by Drazic and coworkers [102] using 
were employed to investigate the ionic ad- fast cyclic voltammetry in sodium hy- 
sorption on the Ag(lll) electrode surface droxide solutions (0.03 to 1 M), under 
in sulfate-containing solutions of differ- quasi-equilibrium and Tafel approxima- 
ent pH. It has been concluded that the tion conditions. It was shown that the 
sulfate anion is the predominant species OH - ion adsorption is an electrosorp- 
adsorbed at the electrode surface in acidic tion process with one electron exchanged 
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between an OH - ion and the platinum 
surface. The electrosorption process fol- 
lows the Frumkin adsorption isotherm 
with low-intensity repulsive interactions of 
the adsorbed species (f = 2-3). The esti- 
mated values of the standard electrochemi- 
cal rate constant (k° = 5.6 x 10 -4 cm s -1 ) 
and the standard exchange current den- 
sity (j'q = 5.45 x 10 -2 A cm -2 ) indicate a 
rather fast electrochemical process. 

The thermodynamic and inner-layer 
characteristics of halide ions adsorbed on 
bismuth single-crystal planes from so- 
lutions of methanol and propanol was 
studied by an Estonian group in a se- 
ries of publications [103-108]. The ad- 
sorption of Cl - , Br - , and I - ions from 
methanolic solutions on different faces 
of a bismuth single-crystal electrode was 
studied by impedance and chronocoulo- 
metric techniques. The charge of specif- 
ically adsorbed anions eri was calculated 
using the Hurwitz- Parsons -Dutkiewicz 
method. Fitting the results to the simple 
virial isotherm, the values of the stan- 
dard Gibbs energy of adsorption — AG^ 
and the mutual repulsion coefficient B 
of the adsorbed anions were estimated. 
The dependence of the integral capaci- 
tance of the inner layer on the electrode 
charge a was calculated according to 
the traditional inner-layer model using 
the electrode charge as the independent 
electrical variable. It was found that the 
adsorption of halide ions decreases in the 
sequence of the Bi single-crystal planes 
(Oil) > (001) > (111). 

As a continuation of this work, in accor- 
dance with the method suggested by Lip- 
kowski and coworkers, instead of electrode 
charge the electrode potential was consid- 
ered as independent electrical variable for 
the evaluation of the experimental data. 

It was found that under comparable 
conditions the results obtained at constant 


electrode potential and constant charge 
coincide. 

3.2.5 

Methods of Investigation and Illustrative 
Examples 

3. 2. 5.1 General Remarks 

During the last two to three decades, so- 
phisticated methods of solid-state surface 
science were introduced to study the ad- 
sorption phenomena at electrochemical 
interfaces. These new techniques of inves- 
tigation enable us to interpret adsorption 
phenomena at molecular level. 

The main characteristic of most of the 
new experimental methods is the simul- 
taneous use (coupling) of electrochemical 
techniques with other nonelectrochemical 
methods. Only some of these methods 
can be very briefly mentioned in the 
following sections. More detailed descrip- 
tion of the methods and their application 
can be found in monographs and text- 
books [109-111]. 

3. 2. 5. 2 In Situ Techniques 

3. 2. 5. 2.1 Optical Techniques 
UV-visible Techniques 

Ellipsometry [11 2, 113] Ellipsometry is one 
of the earliest optical technique to be 
applied to the study of adsorption pro- 
cesses [112, 113]. It involves the analysis 
of the phase change and the change in 
amplitude ratio of polarized light reflected 
from a surface. 

A significant limitation of the method 
is that a model for the adsorbed layer 
should be made for the evaluation of 
the experimental data. As the theory of 
ellipsometry is based on the assumption 
that the reflection occurs from an ideally 
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smooth surface, the interpretation of data 
obtained with surfaces with nonideal 
topography encounters difficulties. 

Specular reflectance spectroscopy [114] The 
principle of the method is the recording of 
a reflection of the incident monochromatic 
beam by the surface of the electrode as a 
function of wavelength, potential, or time. 

Similar to ellipsometry, a model of the 
interface is required to evaluate the ex- 
perimental data. Several techniques were 
elaborated to enhance the sensitivity of 
reflectance measurements (for instance, 
multiple reflectance). 

In order to avoid the problems connected 
with measurement of absolute reflectivi- 
ties, changes in reflectivity are detected as 
the potential of the electrode is modulated 
in the case of the so-called “modulated 
specular reflectance spectroscopy.” 

Vibrational Spectroscopy (Infrared and Ra- 
man Scattering Spectroscopies) Although 
UV-visible techniques were proven useful, 
they are not suitable for identifying ad- 
sorbates or orientation of adsorbates. This 
type of information could be provided by 
the various versions of vibrational spec- 
troscopy. 

During the last decade, vibrational spec- 
troscopy has contributed to a great extent 
to the advance in electrochemical surface 
science 

Infrared (IR) spectroscopy [1 1 5, 116] For in 
situ application of IR spectroscopy for 
the study of adsorption, there were two 
fundamental problems to overcome: 

1. Most solvents (especially water) absorb 
IR very strongly. 

2. How to separate the signals coming 
from the adsorbed layer from the 
noises. 
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One of the most commonly applied IR 
techniques developed to overcome these 
problems is the external reflectance tech- 
nique. In this method, the strong sol- 
vent absorption is minimized by simply 
pressing a reflective working electrode 
against the IR transparent window of 
the electrochemical cell. The sensitivity 
problem, that is, the enhancement of 
the signal/noise ratio in the case of ex- 
ternal reflectance techniques is solved 
by various approaches. These are, for 
instance, electrochemically modulated in- 
frared spectroscopy (EMIRS), in situ FTIR 
(which use potential modulation), and 
polarization modulation infrared reflec- 
tion absorption spectroscopy (PM-IRAS, 
FTIR) [86, 117-123], 

A new development is the elabora- 
tion of synchrotron far infrared spec- 
troscopy (SFIRS) for adsorption stud- 
ies [124], 

Raman Spectroscopy The major problems 
in the case of the application of IR 
spectroscopy, the strong absorption by 
the solvent and window material, can 
be avoided using Raman scattering tech- 
niques, since only visible radiation is 
involved in this case. 

Raman scattering cross sections of typ- 
ical adsorbates are low, therefore two 
fundamental techniques were elaborated 
to enhance them: resonance Raman scat- 
tering (RRS) and surface-enhanced Raman 
scattering (SERS) [125-127]. 

Second harmonic generation anisotropy from 
single-crystalline electrode surfaces [128] In- 
terfacial second harmonic generation 
(SHG) is an optical spectroscopy that 
is inherently surface-sensitive. All effects 
that modify the electron density profile 
of the interface affect the SHG pro- 
cess. Therefore, SHG depends on the 
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exciting and SH frequency, on surface 
structure, and on adsorbates and adlayers. 
For metal electrodes there is a remarkable 
dependence of SHG on potential, adsorp- 
tion, and charge density at the metal, 
and on surface structure. Using the ad- 
vanced form of the SHG anisotropy, the 
interference SHG anisotropy, one can de- 
termine the anisotropy of the SH field 
itself and can pursue how the various 
isotropic and anisotropic sources con- 
tributing to this field evolve with potential 
and adsorption. This yields information on 
the geometric and electronic structure of 
the interface and adlayer to unparalleled 
details. 

There are mutual links between SHG at 
electrodes and electrochemistry, and the 
results of classical electrochemical mea- 
surements, simply because these methods 
probe different physical properties of the 
interfacial regime. Adsorption and poten- 
tial, charge density, surface structure, and 
the formation of (ordered) adlayers have 
a significant impact on both the behavior 
of the electric double layer and the SH re- 
sponse. SHG was applied to study sulfate 
adsorption at Au(lll) [129]. 

Sum and difference frequency generation at 
electrode surfaces [1 30] The investigation 
of vibrational and electronic properties of 
the electrochemical interface by using non- 
linear optical techniques of visible-infrared 
sum (SFG) and difference (DFG) fre- 
quency generation constitutes an interest- 
ing aspect of the study of adsorbed species. 
The vibrational behavior of H-Pt(hkl) sys- 
tem, both in the underpotential and over- 
potential regime, adsorption of CN“ on 
Au(hkl) electrode (using DFG), electrode 
surface electronic properties were stud- 
ied and measurements of the PZC were 
carried out [131]. 


X-ray Methods 

Suface X-ray scattering (SXS) The first 
SXS study of an underpotentially deposited 
metal monolayer was reported more than 
ten years ago. In a recent review [132] 
it is demonstrated that this method 
is well suited for the study of the 
structure of metals, halides, and metal- 
halide adlayers on single-crystal electrodes. 
As another example, the study of the 
distribution of water at Ag(lll) surface 
can be mentioned [133]. 

In situ X-ray absorption fine structure 
method (XAFS) [134] gives insight into 
the interaction between adsorbate and 
substrate. 

In situ X-ray surface diffraction (SRSD) 
method was applied for the study of UPD 
of copper on Au [135]. 

3. 2. 5. 2. 2 Radiotracer Methods Of all the 
in situ techniques used to obtain informa- 
tion about adsorption phenomena at elec- 
trode surfaces, the radiotracer technique 
was the first direct method furnishing re- 
liable data on the extent of adsorption of 
a specific preselected species. Generally, 
in situ radiotracer methods provide direct 
information on adsorption | accumulation 
processes on a great a variety of electrodes 
under various experimental conditions. 

The in situ experimental techniques 
used by various authors are described in 
the relevant literature (papers and reviews) 
in detail [100, 136-155], 

The main problem of the in situ radio- 
tracer study of electrosorption phenomena 
originates from the very nature of the 
method, because the radiation measured 
consists of two main parts. The first one 
is that coming from the solution phase or 
from the solution layer contacting the elec- 
trode. The second radiation component is 
the radiation coming from the adsorption 
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layer of interest for the measurement of 
adsorption. 

The elaboration of a technique for the 
radiotracer adsorption measurements is 
equal to the search of the optimal con- 
ditions for the minimalization of the role 
of the radiation coming from the solution 
background. The usual classification of the 
various methods follows this pattern, that 
is, how this requirement is fulfilled. Ac- 
cording to this principle, the methods can 
be divided in two main groups: the radi- 
ation of solution background is governed 
and minimized by self-absorption of the 
radiation (thin-foil method) and the back- 
ground radiation intensity is minimized by 
mechanical means (thin-gap method). The 
most important and widely used represen- 
tative of the first approach is the so-called 
foil method. 

In the case of the thin-foil method, the 
detector “sees” simultaneously both com- 
ponents of the radiation coming through a 
thin foil (metal or metal(gold)-plated plas- 
tic film) forming the bottom of the cell. The 
adsorbent is either the foil itself or a thin 
deposited layer on the bottom of the cell 
serving as a mechanical support and elec- 
tric conductor (if the foil is metal-plated) . 

The situation can be visualized by 
Scheme 1. 

The radiation measured is / T = I s + / a 
(where I s and 7 a are the intensities of the 
radiation coming from the solution phase 
and from the adsorbed layer, respectively). 
Using isotopes emitting soft f > -radiation 
(radiations characterized by high mass- 
absorption coefficient (/x) ( 14 C, 35 S, and 


36 C1), the self-absorption of the radiation 
in the solution phase is so high that the 
thickness of the solution layer effective 
in the measured solution background 
radiation is very low. (Similar phenomena 
could be observed for isotopes emitting 
low-energy X ray.) 

In cases in which the radiation coming 
from the solution background would be too 
high in comparison with that originating 
from the adsorbed layer (smooth surfaces, 
y -radiation), some kind of mechanical 
means should be applied to reduce the 
role of the background radiation. 

The mechanical control of the back- 
ground radiation can be achieved by two 
different ways: fixed rigid reduction of so- 
lution layer thickness (classical thin-layer 
or gap method) and flexible mechanical 
or temporary reduction of the thickness 
of the solution layer (electrode-lowering 
technique). In the case of the first version, 
specially designed cells are used where 
only a very thin-solution layer flows be- 
tween the electrode and the detector as 
shown by Scheme 2. 

This method is not used very often 
because of technical problems. These prob- 
lems are avoided by the application of a 
flexible version, the so-called electrode- 
lowering technique. In the case of this 
technique, the solution gap between the 
electrode and detector is minimized tem- 
porarily only for the time of the mea- 
surement of the adsorption. The electrode 
is placed in two positions as shown by 
Scheme 3. 
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In the “lifted-up” position, the attain- 
ment of the adsorption and the elec- 
trochemical equilibrium (or steady state) 
proceeds without any disturbance, the 
detector measures only the solution back- 
ground radiation. In the “pressed-down” 
position, the intensity measured comes 
from the species adsorbed at the electrode 
surface and from the solution layer present 
in the gap between the bottom of the cell 
and the electrode. The thickness of this 
gap depends on the mechanical state of 
the electrode surface, the stability of the 
bottom of the cell, and so on. 

3. 2. 5. 2. 3 Electrochemical Quartz Crystal 
Microbalance (EQCM) and Nanobalance 
(EQCN) Techniques The first application 
of quartz crystal microbalance (QCM) in 
electrochemistry dates back to 1981 [156]. 
A review on the application of these 
techniques can be found in Ref. [157]. 

One of the main advantages of the 
EQCM and EQCN techniques in the study 
of adsorption phenomena is the possi- 
bility of obtaining simultaneous voltam- 
metric and gravimetric response through 
frequency changes. 


It is important to emphasize that al- 
though from the data obtained the ra- 
tio between the electric charge and the 
corresponding mass change can be de- 
fined for every experimental point as a 
function of the potential applied, one 
should be very cautious, at least in the 
case of adsorption, to draw conclusions, 
particularly the application of the no- 
tion of electrosorption valency should be 
avoided. 

The mass change could be the result of 
several simultaneous adsorption and des- 
orption processes involving the molecules 
of the solvent as well. Sometimes the 
frequency shifts observed could not be 
ascribed to specific adsorption. 

Tsionsky and coworkers [158] studied 
the double-layer region of gold electrode 
in 0.1 M HCIO 4 , KNO 3 , and KOH using 
EQCN method. The authors observed 
frequency shifts even though the ions 
of these electrolytes are not specifically 
adsorbed and there is no faradaic reaction 
that could lead to the formation of 
adsorbed species through charge transfer. 
Tsionsky and coworkers [158] developed a 
model in which they assumed that the 
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liquid in a thin layer near the surface 
has a higher viscosity because of the 
high concentration of ions and the high 
electrical field in this region. 

Some of the illustrative examples for the 
application of EQCN technique are col- 
lected in [157]. The electrical double-layer 
region of optically polished gold in 0.1-M 
NaF, KF, RbF, and CsF solutions in the 
absence and with addition of specifically 
adsorbing anions SO 4 2- , OH - , Cl - , and 
Br - was studied, arriving at the conclu- 
sion that EQCN can be used to investigate 
the electrical double-layer phenomena on 
metal electrodes. 

A combined interferometric and EQCN 
technique was elaborated for the study 
of the energetics of adsorption phenom- 
ena [159]. 

EQCN technique is very suitable for 
the study of the deposition and disso- 
lution processes of adatoms on various 
electrodes [55, 159-163]. 

3. 2. 5. 2. 4 Scanning Tunneling Microscopy 
(STM) and Atomic Force Microscopy (AFM) 

STM was introduced into electrochemistry 
during the late 1980s. The method is 
based on the phenomena of quantum- 
mechanical tunneling. It allows atomic 
imaging of the structural properties of both 
bare and adsorbate-covered surfaces. The 
principle of the method is as follows: 

A sharp tip of a chemically inert metal 
is brought so close to the electrode 
surface that tunneling can occur and a 
tunneling current flows maintaining the 
potential difference between the tip and 
the electrode. Scanning the tip across 
the surface of the sample at constant 
current or height from the surface, a 
topographical image of the surface with 
atomic resolution can be obtained. 

The coadsorption structure of Cu 
and halides on Pt(lll), Pt(100), and 


Au(lll) was investigated and interpreted 
in Ref. [164]. Other interesting results 
obtained in various systems have been 
reported in Refs. [48-50, 165-175]. 

Atomic force microscopy (AFM) similar 
to STM is a scanning atomic-scale probe 
microscopy; however, AFM does not rely 
on tunneling. It detects the interatomic 
forces between the tip and surface atoms. 
This method provides a very powerful 
complement to STM. It can be used in 
cases when faradaic current is flowing, 
that is, it offers the possibility of studying 
surfaces in the course of electrochemical 
processes. Nonconducting samples can be 
imaged as well. 

3. 2. 5. 3 Ex Situ Methods 

In the application of in situ methods, the 
presence of the bulk electrolyte consti- 
tutes a significant limitation. As it was 
shown in the previous sections, by the 
use of thin-layer cells or carrying out 
the measurements in the presence of a 
thin-solution layer, the role of the bulk 
electrolyte phase can be reduced. 

An alternative route suggested in the lit- 
erature [114, 176-178] to overcome these 
limitations is the emersion of the elec- 
trode from the electrochemical cell and 
transferring it into an ultrahigh vacuum 
(UHV) chamber, where studies using 
surface-sensitive methods can be car- 
ried out. 

However, this procedure involves the 
loss of the electrochemical environment 
and potential control. Auger electron 
spectroscopic (AES) studies [179] show 
that despite the evacuation required by 
AES, chemisorbed species remain at 
the surface and their identification and 
quantitization can be carried out in 
vacuum. 

According to Hubbard [179], cationic 
species present in the emersed layer 
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of liquid or in the electrical double 
layer (EDL) can also be determined us- 
ing AES. However, anions X - , present 
in the emersed EDL and solution, typ- 
ically undergo hydrolysis to volatile HX 
species, which are subsequently lost to the 
vacuum. 

In contrast to the latter statement, Kolb 
and coworkers reported somewhat differ- 
ent results claiming that under certain 
conditions the electrode can be removed 
from the electrolyte into an inert atmo- 
sphere or even into vacuum with the 
double layer apparently intact and the bulk 
electrolyte completely absent [114]. They 
measured the work function of a gold 
electrode after emersion as a function of 
potential in order to prove that the poten- 
tial drop across the double layer remains 
unchanged. 

The chemical composition of the 
emersed double layer was tested by ESCA. 
It was found for nonspecific adsorbing 
ions that the ex situ obtained data are 
in very good agreement with predictions 
from classical double-layer theory. 

In the case of immersion technique 
the opposite way (from UHV chamber 
to the solution phase) is followed for 
the determination of the PZC of Au(lll), 
Pt(lll) electrodes [180]. 

3. 2. 5. 3.1 Electrochemical Double-layer 
Modeling Under Ultrahigh Vacuum 
Conditions Simulations of the elec- 
trochemical double layer under UHV 
conditions allow the characterization 
of the chemical interaction between 
electrode surface and electrolyte con- 
stituents [181-186]. The electron work 
function measured for an adsorbate- 
covered metal in UHV is considered to be 
equivalent to the electrochemical potential 
for the same adsorbate — electrode pair in 


solution. This common potential scale rep- 
resents an important link between UHV 
studies and electrochemistry. The poten- 
tial range accessible by the investigation 
of substrates with different work functions 
can be expanded by the coadsorption of 
electronegative and electropositive species, 
such as halogens or alkali metals, which 
induce large work function changes. The 
adsorption of anions or cations from 
electrolytes, achieved in UHV at low tem- 
perature, is of particular interest. Solvation 
processes and surface reactions, which 
result from the electrostatic interaction 
between the partially ionically adsorbed 
species and coadsorbed H 2 O, the most 
frequently used solvent, can be studied 
by applying surface-sensitive techniques. 
A variety of methods have been developed 
allowing the investigation of the surface 
structure and chemical composition. 

The structure of sulfuric acid species 
adsorbed on a Pt(lll) electrode has 
been successfully determined by using 
the UHV modeling [186]. The micro- 
scopic information about the structure 
of an adsorbed electrolyte anion and wa- 
ter as a solvent is indispensable to a 
true molecular level understanding of 
the electrochemical double layers and 
chemical reactions at the electrode sur- 
faces. 

3. 2. 5. 4 Illustrative Examples 

1. The influence of the surface structure 
on the anion adsorption. Potential 
dependence of the adsorption of sulfate 
ions at various crystal faces of copper as 
studied by radiotracer technique [101] 
is shown in Fig. 1. 

2. Effect of the nature of the an- 
ion on the potential dependence of 
the adsorption. Data obtained by the 
method of Liplcowski and coworkers at 
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Au(lll) electrode are summarized in 
Fig. 2 [93], 

3. The unusual peak on Pt(lll). Figure 3 
shows the cyclic voltammograms of 
Pt(lll) at various pH values [82]; A-l 
and C-l are the unusual peaks. Figure 4 
shows the shift of the unusual peak 
following the addition of acetic acid to 
a HCIO 4 solution [83], 

4. The formation of a layer of adatoms. 
Figure 5 shows the voltammetric curve 
for the UPD of Ag + ions on Au(100) 
and the TfE) relationship [187]. 


5. Anion specific adsorption induced by 
adatoms. Figure 6 demonstrates the 
increase in the sulfate adsorption (deter- 
mined by radiotracer technique) follow- 
ing the formation of Cd, Cu, Hg adlayer 
on a polycrystalline Au support [147]. 

6 . The application of EQCM technique 
coupled with voltammetry. Figure 7 
shows the simultaneous recording of 
the cyclic voltammogram and the fre- 
quency change of the Au(lll) EQCM 
electrode in the course of UPD of 
Cu [55], 



Fig. 1 Potential dependence of sulfate adsorption on Cu electrodes from 5x10 4 M H 2 SO 4 
in 0.1 M HCIO 4 ; (•), positive scan; (A), negative scan. Potentials were measured versus 
Agl AgCI 1 1 M CD. (Reprinted from Ref. [101] with permission from Elsevier Science.) 
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E vs SCE 
[mV] 


Fig. 2 Comparison of SC> 4 2 ~, CP, Br~, and I - adsorption at the 
Au (111) electrode surface from 0.1 M HCIO 4 + 10 ~ 3 M K 2 SO 4 and 
0.1 M HCIO 4 + 10 ~ 3 M KCI, KBr, and Kl solutions. (Reprinted from 
Ref. [93] with permission from Elsevier Science.) 
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Fig. 3 Cyclic voltammograms (v = 40 mV s _1 ) of Pt(l 1 1) electrode in 0.1 M 
NaCI 04 solutions of lower pH values. (Reprinted from [82] with permission 
from Elsevier Science.) 
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3.2.6 

Trends and Perspectives 

The classical models of the double layer 
were based on the primitive model in 
which the solvent is regarded as a dielectric 
continuum and the solid phase was 
regarded as a charged hard wall. 

Recently, progress has been made to- 
ward replacing this primitive model by 
a microscopic or molecular model of the 
solvent and an electronic model of the 
metal [188-192]. The assumption that the 
solvent molecules are dipolar hard spheres 
and that the metal can be modeled as jel- 
lium leads to results that are nearly free of 
empirical parameters and that are in close 
agreement with experiment. 

Computer simulations of the electro- 
chemical double layer could contribute to 
a better understanding of the double-layer 
structure [193-197]. 


Information on the structure of wa- 
ter next to metal surfaces is obtained 
from molecular dynamics computer sim- 
ulations [191]. Such simulations, although 
able to mimic the reality in more detail 
compared with simple models used in an- 
alytical theories, are still limited to the 
description of models. From the simu- 
lations it follows that water next to an 
uncharged metallic surface is perturbed to 
a distance of ~1 nm. Next to the charged 
surface, water is reorienting and, when 
the external field is strong, undergoes a 
layering transition. 

In Ref. [192] a simple model for inter- 
facial adsorption is presented in which 
the three-dimensional system reduces to 
an equivalent two-dimensional lattice gas. 
This model is applied to study the UPD of 
copper on the (111) surface of a crystalline 
gold electrode in the presence of bisul- 
fate. A cluster variation approximation 



Fig. 4 Cyclic voltammograms at 20 mV s 1 on Pt(l 1 1 ) in 

0.2 M HCIO 4 at pH 0.8 with 0 mM ( ), (I) 1 mM 

( -), (II) 3 mM ( ) and (III) 11 mM ( ) 

CH 3 COOH. (Reprinted from Ref. [83] with permission from 
Elsevier Science.) 
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Fig. 5 (a) Cyclic voltammogram in the system 

Au(l 00)/5 x 10~ 3 M Ag 2 S0 4 + 0.5 MH 2 S0 4 at T = 298 K. 
|d£/dt| = 7 mV s _1 . A„ and D n with n = 1 , 2, 3 denote cathodic 
adsorption and anodic desorption peaks, respectively, (b) T(£) 
isotherm of the system Au(100)/4.2 x 10~ 4 M Ag 2 S0 4 
+ 0.5M H 2 S0 4 at T = 298 K. (Reprinted from Ref. [187] with 
permission from Elsevier Science.) 
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Fig. 6 Effect of the UPD of Cd 2+ (1), 
Cu 2+ (2), and Ag + (3) on the potential 
dependence of the adsorption of HS 04 ~ 
ions on polycrystalline gold. Curve 4 

( -) corresponds to the potential 

dependence without any addition: 
C|_| 2 S 0 4 = 4 x 10- 4 mol dm -3 , 

CMe = 8 x 10~ 4 mol dm ~ 3 in 
1 mol dirP 3 HCIO 4 . (Reprinted from 
Ref. [147] with permission from Elsevier 
Science.) 
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Fig. 7 Cyclic voltammogram and 
simultaneously recorded frequency 
change of the Au (111) EQCM electrode 

in 0.05 M H 2 SO 4 ( -) and in 

0.05 M H 2 SO 4 + 5 mM CUSO 4 . Sweep 
rate = 10 mV -1 . The potential was 
scanned from 0.75 V and reversed at 
0.33 V. (Reprinted from Ref. [55] with 
permission from Elsevier Science.) 
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to the model system yields realistic ad- 
sorption isotherms, and the resulting 
model voltammogram agrees well with 
experiment. 
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3.3.1 

Introduction 

Two-dimensional (2D) phase transitions 
on surfaces or in adlayers have received 
increased attention in recent years [1-4] 
as they are related to important as- 
pects in surface, interfacial and mate- 
rials science, and nanotechnology, such 
as ordered adsorption, island nucleation 
and growth [2, 5-7], surface reconstruc- 
tion [8], and molecular electronics [9]. Ki- 
netic phenomena such as catalytic activity 
and chirality of surfaces [10-12], selective 
recognition of molecular functions [13], or 
oscillating chemical reactions [14] are di- 
rectly related to phase-formation processes 
at interfaces. 

Concepts of ordering and reactivity in 
two dimensions can be also addressed 
in studies with organic, ionic, or metal- 
lic (sub)-monolayers at potentiostatically 
controlled electrode -electrolyte interfaces. 
This approach offers the advantage, in 
comparison to a nonelectrochemical envi- 
ronment, that the structural and dynamic 
properties of the adsorbate and the sub- 
strate can be directly tuned through the 
applied electrode potential. The first elec- 
trochemical studies of 2D phase transi- 
tions were mostly confined to processes 
occurring at ideally smooth mercury elec- 
trodes. Typical examples are the forma- 
tion of compact monolayers of organic 
molecules or salts [15, 16] and so-called 


anodic films [17]. Other liquid metal elec- 
trodes employed in these studies have been 
gallium [18] and amalgams [19]. The use of 
well-defined single-crystal electrodes, such 
as Au(hkl), Ag(hkl), and Pt(hkl), demon- 
strated the important influence of the 
substrate material and its surface struc- 
ture (crystallographic orientation, defect, 
and reconstruction pattern) on electrode 
kinetics and 2D phase transitions in elec- 
trochemically formed adlayers of organic 
molecules [20], ions [21], or metals [22]. 
Additional contributions arise from sol- 
vent molecules and the codeposition of 
ions of the supporting electrolyte. The 
combination of classical electrochemical 
experiments, based on measurements of 
current, charge density, or impedance as 
a function of the applied electrode poten- 
tial or time, with structure-sensitive in situ 
techniques, such as scanning probe mi- 
croscopy [23], surface X-ray scattering [24], 
electroreflectance [25], second harmonic 
generation [26] and/or vibrational spec- 
trocopies (FTIR [27], surface-enhanced in- 
frared reflection absorption spectroscopy 
(SEIRAS) [28], Raman [29], and sum fre- 
quency generation (SFG) [30]) provide a 
powerful strategy (1) to access macro- 
scopic data and (2) to develop a molecu- 
lar/atomic level structural and mechanistic 
understanding of 2D phase formation in 
these systems. The structure and stability 
of the adsorbed monolayers is affected by 
the symmetry of the substrate, the ad- 
sorbate-adsorbate interactions, and the 
corrugations in the adsorbate-substrate 
interaction potential. 

The present chapter starts with some 
general remarks on the thermodynamics 
and kinetics of 2D phase transitions in po- 
tentiostatically generated adlayers on well- 
defined metal-electrolyte interfaces. Sub- 
sequently, three main groups of systems 
will be considered: organic and (an-)ionic 
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monolayers and underpotential-deposited 
(UPD) metal films. Each subtopic is di- 
vided into an introductory overview and 
several case studies. The latter have been 
selected in order to illustrate typical ap- 
proaches and the present understanding 
of thermodynamic, kinetic, and structural 
aspects of phase formation processes in 
2D electrochemical systems. The review 
aims at covering main developments in 
this field, but does not attempt to be all- 
inclusive. We apologize for unavoidable 
omissions. 

3.3.2 

Thermodynamic Aspects 

3.3.2. 1 Phase Transitions and Order 
Parameter 

Two-dimensional phase transitions occur 
at a clean or adsorbate-covered surface 
because a system in thermodynamic 
equilibrium seeks to minimize its free 
energy, F [1, 31-33] 

F = U — T S (1) 

One phase will supplant another at a 
given electrode potential E and/or temper- 
ature T because different states partition 
their free energy between the internal en- 
ergy U(T, E , c) and the entropy S(E, T , c) 
in different ways [34-36]. The competing 
phases are characterized by the so-called 
order parameter [1]. By construction, the 
order parameter has a nonzero value in 
one phase (usually low temperature /low 
symmetry state) and vanishes in the 
other (high-temperature /high-symmetry) 
phase. For liquid gas or liquid solid 
phase transitions, the order parameter is 
the difference in density or the respective 
high-density coverage [37, 38]. Structural 
phase transitions, such as orientational or 
positional changes, may be represented by 


the intensity or position of a characteristic 
diffraction spot [39]. 

The behavior of the order parameter 
near the transition potential or temper- 
ature distinguishes two rather different 
transformation scenarios. In a first-order 
phase transition, the particle configura- 
tion, and consequently the order pa- 
rameter, changes discontinuously. This 
implies that quantities such as the in- 
ternal energy U or entropy S change 
discontinuously (but the free energy F 
remains continuous!), and a latent heat 
is involved in the transition [40, 41]. In 
this case, two distinct free energy curves 
cross one another. The system abruptly 
changes from one equilibrium phase to a 
second equilibrium phase [42, 43]. Anal- 
ogous to Langmuir- Blodgett (LB) films 
or insoluble monolayers at the air-water 
interface [44], one may distinguish be- 
tween gaseous, liquidlike (liquid-expanded 
and/or liquid-condensed), and solidlike 
films [2, 3, 5, 42, 43]. First-order phase 
transitions are characterized by (1) the 
phase coexistence and (2) the formation 
of nuclei that subsequently grow. Typical 
electrochemical responses comprise sharp 
current peaks (“spikes”), discontinuities 
in the charge density or capacitance versus 
potential curves (“capacitance pits” [45]), 
or the steplike blocking of charge trans- 
fer reactions [46]. Examples of first-order 
phase transitions in electrochemical sys- 
tems are the potential-induced formation 
of a hydrogen-bonded uracil film on 
Hg [47] or Au(hkl) electrodes [20] from 
its disordered adsorbed monomers, the 
deposition of the rotated hexagonal Pb 
UPD monolayer on Ag(lll) from citrate- 
containing electrolyte [48-50], or the 
gaseous-like c(^/2 x 2^/2)R45° transi- 
tion of bromide adsorbed at the aqueous 
electrolyte-Au(lOO) interface [51]. 
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By contrast, the two competing phases for bromide onto a single-crystalline 
become indistinguishable at the critical Ag(100)-electrode a potential-induced con- 
values of electrode potential (E c ) or tern- tinuous (second-order) phase transition 
perature (T c ) for a continuous transition between a disordered, low-coverage halide 
* (In modern theories, one typically dis- adlayer at more negative potentials, and a 
tinguishes between discontinuous and doubly degenerate c(2 x 2) ordered phase 
continuous phase transitions. This clas- with coverage 0.5 at more positive poten- 
sification is more appropriate than the tials (paragraph 3. 3.4.1. 2). A temperature- 
classical approach of Ehrenfest, which dis- dependent low energy electron diffraction 
tinguishes between first-, second-, and (LEED) study of Ag(100)/Br revealed the 
higher-order phase transitions [52]). The same type of phase transition under UHV- 
particle configuration and the order pa- conditions [58]. The transition was shown 
rameter change continuously, while the to belong to the 2D-square Ising univer- 
symmetry of the system changes discon- sality class, for which the exact solution 
tinuously. Close to the continuous phase has been known since the work of On- 
transition, strong fluctuations in the or- sager [59, 60]. The other example of a 
der parameter and in its values around continuous phase transition is the tem- 
its mean occur. The correlation length £, perature dependence of a 2D condensed 
which is a measure of the domain size, di- film of 5-iodocytosine adsorbed at a mer- 
verges. The Landau- Lifshitz theory states cury electrode in the neighborhood of the 
that a phase transition can be continuous critical temperature, at constant adsorbate 
only if the low-temperature/low-symmetry concentration and electrode potential [35] 
surface space group G is a subgroup (paragraph 3. 3.4.3. 2). 
of the high-temperature/high-symmetry Exact solutions, as obtained for uni- 
phase G 0 , and if the respective transform versality classes of 2D systems such as 
function is an irreducible representation the 2D-Ising (isomorphic to the lattice 
of G 0 [41]. gas) or 3-state Potts model, are impor- 

One typically finds that the order param- tant but do not contain any qualitative 
eterofa continuous phase transition varies insight into the nature of the respective 
in the critical region as ( E - E C )P [53] or continuous phase transitions. Such an in- 
(T - T C )P [1, 33]. The numerical value of sight is given by the (1) renormalization 
the critical exponent f> depends only on a group [61], which explains how the quali- 
few physical properties, such as the dimen- tative features of the cooperative behavior 
sion of the local variable (order parameter) arise, (2) series expansion techniques [60], 
in the Hamiltonian, the symmetry of the (3) MC simulations [33, 38, 62] and in 
coupling between the local variables, and situ structure-sensitive experimental stud- 
the dimensionality of the system (here ies with the spatial resolution of individual 
2D). This property is called universal- atoms and/or molecules, 
ity [32, 33, 54]. Systems with identical crit- 
ical behavior form one universality class. 3. 3. 2. 2 Adsorption Isotherms and Lateral 
Only two examples have been reported Interactions 

for interfacial electrochemical systems: In Adsorption phenomena including 2D 
situ surface X-ray scattering (SXS) [53], phase transitions at electrochemical inter- 
chronocoulometry [55], and Monte Carlo faces may be classified, according to the 
(MC) simulations [56, 57] demonstrated binding energy of the adsorbate onto the 
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surface, in two categories. Physisorption 
corresponds to small binding energies, 
the substrate -adsorbate interactions are 
mainly due to van der Waals forces and 
involve almost no mixing between the or- 
bitals of the adsorbate and the substrate [1]. 
Lateral interactions between the adsorbed 
species are dominated by dipole-dipole, 
dipole -induced dipole and hydrophobic 
interactions, n -stacking and/or hydrogen 
bonding [63, 64]. 

Chemisorption represents the formation 
of a surface chemical bond, which is ei- 
ther covalent (sharing of electrons) or 
ionic (electron transfer). The understand- 
ing of chemisorption phenomena is rather 
complex and requires knowledge on the 
geometrical structure of the system, adsor- 
bate binding and charge transfer, the elec- 
tronic structure of adsorbate and substrate, 
as well as vibrational frequencies [63], 
Three dominant types of interactions 
may occur between chemisorbed species: 
dipole -dipole (direct and screened by the 
electrolyte), electron-electron (indirect via 
substrate electrons or direct at short dis- 
tances), and elastic (via substrate ions) [31, 
32, 65, 66]. 

Adsorption and phase formation is 
treated in three complementary regimes: 
the thermodynamic approach is applied to 
derive macroscopic properties of a system 
at equilibrium; principles of quantum me- 
chanics are used to develop a microscopic 
understanding; and statistical mechanics 
establishes the connection between macro- 
scopic and microscopic quantities, and 
relates the two previous approaches [63]. 

Intriguing aspects of both physisorption 
and chemisorption at electrode -electrolyte 
interfaces are the various phases, which 
may exist at the surface, and the transi- 
tions between them. The relations between 
coverage 6 (with 6 referred either to the 


maximum surface excess T m or the maxi- 
mum number of substrate sites), adsorbate 
concentration (activity), electrode poten- 
tial, and temperature allow the construc- 
tion of various types of phase diagrams. 
Graphs of 6 = f(c)r.E and 9 = /(£)r,c 
versus temperature as the parameter are 
identified as isotherms [1, 63]. 

Phase-formation phenomena at elec- 
trode-electrolyte interfaces can be con- 
veniently treated with lattice gas con- 
cepts [38, 60, 67]. Such models consider 
that the entities, atoms, ions, or molecules, 
are fixed to particular ‘cells’ i, j . (M. Fisher 
explicitly pointed out “. . . that instead of 
imagining the particles confined to lattice 
sites, one may suppose that they move 
continuously in space divided into ‘cells,’ 
but that their interactions are determined 
solely by which particular cells are occu- 
pied” [52].) The configurational energy of 
the adlayer on a (L x L) square lattice is 
given, as an example, by the following 
Grand Canonical Hamiltonian [38, 56, 57, 
63] 

L 2 

H = - SijSiSj - Si (2) 

ij ij 

where i and j denote sites on the lattice, 
Si is the occupation state of site i, which 
is either 0 (empty) or 1 (occupied). J^ij 
is the sum over all pairs of sites on 
the lattice, and e,y is the respective pair 
interaction energy (three-body and higher 
interactions require additional terms). The 
geometry of the lattice may vary with 
the substrate surface crystallography. The 
surface coverage is given by [38, 63] 

0 = AT 1 J2s, (3) 

i 

with N as the total number of surface 
sites on the lattice. The electrochemical 
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potential ft is the intensive variable, which 
controls the coverage. In the weak solution 
approximation, it is related to the electrode 
potential E by 

ft = Ao + RT In - FyE (4) 

with ft 0 and c 0 as suitably chosen reference 
states, and y as the electrosorption valency. 
In the limit of Sij —*■ 0 and 0 —*■ 0 , 
Eq. (2-4) yields the Henry isotherm, and 
Sij —r 0 combined with finite values of 0 
results in the Langmuir isotherm [5, 60, 
63]. 

The accurate theoretical description of 
the lateral interactions in the adsorbed 
layer requires that the complete substrate- 
adlayer-solution system be treated. In the 
simplest case, one considers only pair 
interactions between nearest-neighbor ad- 
sorbed species. In general, attractive 
(short-range) interactions will induce first- 
order phase transitions with typical fea- 
tures such as the existence of a critical 
temperature T cr n, phase coexistence at 
T < T a i t , and island formation controlled 
by nucleation and growth. If the inter- 
actions are repulsive (long range), then 
continuous phase transitions may oc- 
cur [63, 67]. In case of lateral attractive 
interactions, the adsorbed species occupy 
preferentially nearest-neighbor sites even 
at small concentrations Typical attractive 
interactions are n - stacking, hydrogen 
bonding, hydrophobic forces, and so on 
(cf. Sect. 3. 3.4.3). If the minimum of the 
lateral interactions is located at a dis- 
tance larger than the spacing between 
the nearest adsorption sites, the initially 
growing 2D phase will not match the 
densest packing of the monolayer. After 
the former phase covers the whole sur- 
face, further deposition of the adsorbate 
(for instance at higher electrode poten- 
tials) results in a denser film, which 


is likely to undergo a series of struc- 
tural modifications before the maximum 
packing density of the first monolayer is 
attained. Phase diagrams of systems with 
lateral repulsion are more diverse (cf. Sect. 
3. 3. 4.1). For smaller degrees of coverage, 
one may expect the formation of 2D lattices 
with large interatomic spacing, and more 
compact lattices may appear in a fairly 
complex sequence. An example is bromide 
on Au(100)-(1 x 1) [51]. A gaseous-like 
bromide adlayer undergoes a first-order 
phase transition to form a commensurate 
c(^/2 x 2^2)R45° structure. Upon further 
increasing the coverage, an aligned, uni- 
axially incommensurate c(^2 x p)R45° 
phase is formed (see section on Ad- 
layer phases and phase transitions on 
fee (100) surfaces). The commensu- 
rate /uniaxially incommensurate transition 
(C/UIC) has been described theoretically 
by Frenkel- Kontorova [68] and Frank-van 
der Merwe [69] on the basis of a model 
of harmonically bound atoms in a sinu- 
soidal corrugation potential. The compres- 
sion may be either uniform or associated 
with the formation of localized regions of 
high density (domain walls or solitons). 
Pokrovsky and Talapov [70] found that 
the incommensurability is proportional 
to both the reduced temperature and the 
(electro-) chemical potential with the same 
power law exponent f = 0.5. This theo- 
retical prediction is also supported by the 
C / UIC - transition of bromide and chloride 
adlayers on Au(100) in an electrochemical 
environment [51]. 

Further compression of the uniaxial 
incommensurate (UI) phase may result 
in (1) an incommensurate phase in both 
directions or (2) an incommensurate ro- 
tated phase, because shear waves typi- 
cally cost less energy than compression 
waves if the misfit is large enough [71, 
72]. The deregistry transition results from 
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the competition between the depth and 
width of substrate potential wells, and 
the dimension and magnitude of the lat- 
eral interaction energy of the adsorbed 
system. 

The consideration of interactions be- 
tween the adsorbed particles is a sig- 
nificant improvement of the Langmuir 
approach. In the simplest case, one takes 
into account only pair interactions between 
nearest neighbors, which may be attrac- 
tive or repulsive, respectively. With the 
assumption of randomly distributed ad- 
species, which are not correlated, one ob- 
tains the Bragg- Williams Approximation 
(BWA) [60, 63, 73-76]. The interactions 
of the test particle are considered in the 
mean field of all other particles being pro- 
portional to the coverage 6 multiplied by 
the total number of particles in the lat- 
tice (mean-field approximation or MFA). 
Combination with Eq. (4) leads directly to 
Frumkin-type equations. It involves the 
statistical distribution of adspecies among 
energetically uniform sites and neglects 
local fluctuations and correlations. The 
loop in the isotherm below the critical 
temperature T a i t is related to an artificial 
system forced to be homogeneous under 
all conditions. Especially, the coexistence 
of the two phases with different densi- 
ties at the equilibrium phase transition 
under conditions of short-range attractive 
interactions is excluded. The models based 
on the BWA are more reliable if the lat- 
eral interactions can be neglected, or if 
the range of interactions is large [52]. The 
MFA breaks down severely under con- 
ditions in which phase transitions occur 
and ordered adlayers form [34-36, 54, 56, 
60, 73], 

Isotherms based on the so-called 
quasi-chemical approximation (QCA) are 
a significant improvement over the 
MFA [77, 78], This gives an exact treatment 


of nearest neighbors, while treating the 
other interactions, as well as interactions 
of nearest neighbors with their neighbors 
in the MFA. Compared to the MFA 
(or BWA) and the QCA, a further 
advancement, especially at T < T^t, is 
represented by the low-temperature series 
expansion (LTSE) [60, 73, 77-80]. This 
approach not only considers equilibrium 
adsorbate clusters up to a certain size, 
but also various configurations of a 
cluster with constant size, for example, 
the lattice geometry is taken explicitly 
into account. Exact isotherms within the 
lattice gas treatment may also be obtained 
by MC simulation [62], usually based on 
an MC algorithm in a Grand Canonical 
ensemble [38, 56, 57]. 

The detailed discussion and application 
of the aforementioned isotherms will be 
given in the paragraph on phase transi- 
tions in organic monolayers (Sect. 3. 3. 4.3). 

3.3.3 

Kinetics of 2D Phase Formation and 
Dissolution 

3. 3. 3.1 Diffusion, Adsorption, 
Autocatalysis 

The formation of 2D ordered, steady state 
adlayers at electrified interfaces is the 
result of several complex, nonequilibrium 
processes. In the simplest case, this 
sequence involves mass transfer of the 
molecules/ions from the bulk electrolyte 
towards the surface, adsorption and/or 
charge transfer, and association at the 
electrode surface [15, 16] (Fig. 1). 

Mass transport controlled by diffusion The 
limiting case of nonfaradaic adlayer for- 
mation controlled exclusively by diffusion 
as r.d.s. was discussed by Koryta [81] and 
Delahay [82]. The time dependence of the 
surface excess T, in case of semiinfinite 
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Fig. 1 Schematic 
representation of the interfacial 
equilibria involved in the 
formation of ordered 
monolayers. 


linear diffusion, is obtained from Fick’s 
first law according to 



with x as the distance from the plane 
of adsorption at the electrode. If the 
rate of adsorption is sufficiently high, so 
that the subsurface concentration c A= o 
is zero during the phase formation, one 
obtains [82, 83] 





( 6 ) 


r m is the maximum surface excess 
of the condensed phase. Equation (6) 
is formally equivalent to the well- 
known Cottrell equation for faradaic pro- 
cesses [84]. Diffusion-controlled adsorp- 
tion in the frequency domain was treated 
theoretically and experimentally by Me- 
lik-Gailcazyan [85, 86], Lorenz [87], and 
Armstrong [88]. 


Adsorption control The kinetics of the ad- 
sorption step in the absence of mass trans- 
port control was treated by Lorenz [87] 
and Delahay [89, 90] assuming either a 
Langmuir- or a Temkin-type formalism. 



The former yields, in the limit of a 
negligible rate of desorption, 


6 = 1- exp(-k ad c A=0 ?) (7) 


where k ad is the adsorption rate. 

This theory was extended by Schuh- 
mann to an adsorption process obeying 
a Frumkin isotherm [91]. The same treat- 
ment is also valid for interfacial faradaic 
reactions [90, 92]. 

Several groups derived approximate 
expressions for the coupling of diffu- 
sion/adsorption [85, 87, 88, 93-96] or 
diffusion/ charge transfer-controlled pro- 
cesses [2, 92, 97] either in the time or in 
the frequency domain. 


Autocatalytically controlled surface reactions 
Michailik and coworkers [98] proposed an 
autocatalytic surface process representing 
the time dependence of formation of a 2D 
condensed film of triphenylethyl phospho- 
nium sulfate ((TPEP) 2 SC> 4 ) deposited at a 
mercury- electrolyte interface [99]: 

— = k a {\-e)'ep (8) 

at 

l and p are integers (/, p > 0), with l as the 
reaction order with respect to the initial 
state and p the order with respect to the 



390 


3 Specific Adsorption 


products. The analytical rate equation d(t), 
derived with / = 2 and p = 1, was shown 
to describe quantitatively the deposition of 
(TPEP) 2 SC >4 onto a mercury electrode [98]. 

Lorenz [100] combined diffusion, intrin- 
sic adsorption, and surface association 
as separate contributions and developed 
the first model, which attributes a slow 
(dynamic) adsorption step to the 2D asso- 
ciation of adsorbed species at an electro- 
chemical interface. 

The above-mentioned approaches suffer 
from a conceptual difficulty assuming that 
the adsorbed monomers are distributed 
homogeneously at the electrode. This is 
not unambiguously valid in case of 2D or- 
dered ML (cf. experimental section 3.3.4). 
On the basis of i-t transients for 1 M 
pyridine in 1 M NaOH, Armstrong [101] 
showed that the formation of the adsorbate 
film proceeds according to a 2D nucle- 
ation and growth mechanism, analogous 
to faradaic processes such as electrocrys- 
tallization and the deposition of anodic 
films [17]. This approach accounts for the 
inhomogeneous distribution of adspecies 
at the electrode-electrolyte interface, and 
shall be discussed in the following sections 
in more detail. 

3. 3. 3. 2 Nucleation and Growth 

Mechanisms 

3. 3. 3. 2.1 Nucleation 

Homogeneous nucleation - concept of the 
critical cluster A metal surface that is 
homogeneously flat, like mercury or quasi- 
perfect silver single crystals [2], offers no 
specific adsorption sites. In analogy to 3D 
phenomena, the nucleation of a new 2D 
phase may be treated on the basis of 
the classical nucleation theory (CNT) as 
formulated by Gibbs [102] and further de- 
veloped by Volmer [103, 104], Farkas [105], 
Stranski and Kaishev [106-109], Becker 
and Doring [110], Zeldovich [111], and 


Frenkel [112], The total Gibbs energy re- 
quired to create a 2D cluster by deposition 
of N particles (ions, molecules) from solu- 
tion is: 

AG t (A 0 = AGp(A) + AG pb (A0 (9) 

The first (favorable) term represents the 
free energy gain due to the formation of the 
new phase. The second (unfavorable) term 
accounts for the creation of a new phase 
boundary. AGt(AD reaches its maximum 
for a critical particle number N c - Clusters 
with a smaller number of particles than N c 
will tend to dissolve, while larger clusters 
will grow further. The relation (9) is valid 
for any arbitrary geometrical form of the 
cluster [113]. The special case of a circular 
patch of radius r and height h shall be 
considered in more detail. 

Phase formation controlled by a charge 
transfer reaction Me' ,+ + ne“ -e- M across 
the interface, such as 2D electrocrystal- 
lization [114, 115], UPD [2, 22, 116], and 
2D anodic passivation [117, 118] gives the 
following expression for AGt 

jrr 2 h 

AGj(r) = — = — ne 0 r) + Inre (10) 
v 

v is the specific particle volume related 
to the number N of deposited particles 
by N = (jir 2 h)/v. p = (E — E rew ), with 
£rev being the equilibrium potential, is 
the overvoltage and represents the driving 
force of the faradaic process, s is the line 
tension, which has to be overcome by 
the expansion of the nucleus [118]. Metal 
deposition can occur only if p is negative, 
so that the Gibbs energy AGj(r) of a 
cluster as a function of its size r first rises, 
reaches a maximum and then decreases 
(Fig. 2). The critical radius r c and the 
critical free energy AGrdr) are given by 

ev 

r c = (11a) 

ne 0 rj 
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Fig. 2 Dependence of the free energy 
change of formation of a disc-shaped 
cluster ACj(r) on radius r for a charge 
transfer-controlled process. 

and concentration according to 
n E r E 

A y # = qfd E-j q m AE (13) 

with E rey being the equilibrium poten- 
tial at which A y # = 0 [3, 119]. Ay # is 
a nonlinear function of the applied elec- 
trode potential. The free energy AGrcfl') 
and radius r c of the critical cluster are 
derived as 

ire 2 

AGtc = — — — u (14a) 

A 


and 



(14b) 


and 


AGtc = 


nhe 2 v 

ne 0 t) 


(lib) 


AGtc is proportional to 1/q. 

The formation and transformation of 
electroinactive 2D condensed organic mono- 
layers adsorbed at the electrode -electrolyte 
interface are predominantly controlled by 
electrocapillary forces and yield [16], instead 
ofEq. (11): 


The formation of the critical nuclei occurs 
by thermal fluctuations and may be consid- 
ered as an activation process [103]. Becker 
and Doring treated the homogeneous nu- 
cleation process as a series of consecutive 
bimolecular reactions [110] 

Mi + ...Mi+Mi 

f>2 



AGt(c) = nr 2 h Ay # + 2nrs (12) 

Ay # represents the supersaturation given 
by the difference in surface energy per 
unit area between the final (/) and the 
metastable ( m ) states [3, 119, 120], The 
numerical values of the driving force 
are obtained by integration of the charge 
density curves of the two distinct phases / 
and m at constant pressure, temperature, 


in which the growth or decay of clusters 
proceed by attachment or detachment of 
monomers M\ to an /-mer to form an 
(i + 1) mer, respectively. The interfacial 
concentration of monomers is kept con- 
stant by rapid exchange with the adjacent 
bulk phase. The rate-determining step is 
assumed to be the incorporation of one 
additional monomer to the critical cluster 
M nc . The solution of the set of steady state 
equations based on Eq. (15) then leads to 
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the steady state nucleation rate J as: 

J = Za*c nc 

7 * { — AG T c\ 

= Za ci exp I — — — I (16) 

where a* is the rate at which the 
monomers are added to the critical clus- 
ter of n c atoms, ions, or molecules; 
c nc is the equilibrium concentration of 
critical clusters, and Z is the nonequi- 
librium Zeldovich factor [111, 121]. The 
equilibrium concentration of critical clus- 
ters is related to the concentration of 
monomers, c\, by the Boltzmann ex- 
pression with the energy barrier given 
by the free energy of formation of the 
critical nucleus. The period required to 
reach a steady state of critical nuclei at 
constant supersaturation, for example, a 
stable distribution of clusters of the new 
phase controlled by “monomer” transport 
in the ambient phase and incorporation 
of building units of clusters, is identi- 
fied as initial delay or induction period 
t' [122-127]. Toshev and coworkers re- 
ported that t' in homogeneous nucleation 
is usually longer than for heterogeneous 
nucleation [128], 

Heterogeneous nucleation on active sites 
Real surfaces, for instance obtained with 
melt-grown gold, silver, or platinum 
single-crystal electrodes, exhibit various 
sites and structural imperfections of dif- 
ferent dimensionality, such as kinlcs, va- 
cancies, monatomic steps, reconstructed 
surface domains, 2D islands, and holes [2, 
129, 130]. Defining the number of ac- 
tive sites S under particular experimental 
conditions as N 0 , one may consider the 
heterogeneous nucleation process as the 
successive incorporation of monomers 
M\ into site-confined clusters S — M-, 


according to 

S + Mi S 

psl 

— M\ + M\ . . . S — Mj — i 

cvi 

+ Mi < » S - Mi + ■■■ (17) 

fisi 

Instead of the steady state of (quasi) 
homogeneous nucleation, during which 
nuclei appear at constant rate, both the 
total number of critical nuclei and the 
duration of the nucleation process are 
confined by the maximum number of 
preexisting sites N 0 . If there is a uniform 
probability with time of converting these 
sites into critical nuclei S — M nc , one 
obtains the following first-order nucleation 
law as an approximate solution of the 
reaction sequence (17) 

N(t) = N 0 [l ~ exp (-ft)] (18) 

The quantity J ' is the steady state 
nucleation rate per active site and may be 
expressed analogous to J in Eq. (16) [17, 
122, 123]. Two limiting cases of the 
exponential law of nucleation, as given 
by Eq. (18), are of particular importance: 

(1) ]' » 1 : instantaneous nucleation 

N(t ) = N 0 , (19) 

Within the timescale considered, all avail- 
able sites are converted to critical nuclei 
immediately. 

(2) J' <§C 1 : progressive nucleation 
N(t ) = j'N 0 t (20) 

where the number of critical nuclei 
increases linearly with time and N N 0 . 

The steady state rate of 2D nucleation is 
strongly dependent on the dimensionality 
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of the active sites. Staikov and cowork- 
ers reported that, at constant supersatu- 
ration, J (terrace) < J (step) < J (kink) [2, 
130]. Active sites represent not only surface 
imperfections, but may also be gener- 
ated by surface oxidation/reduction, re- 
construction processes or ad/desorption 
of anions or solvent molecules [131, 132]. 

Fleischmann and coworkers [17, 133] 
and Retter [134] pointed out that the 
combination of active intermediates to 
form a critical nucleus at a specific site may 
lead to the power law of n-step nucleation 

N(t) = J"N 0 t n (21) 

J" represents the modified nucle- 
ation rate. 

In case of homogeneous nucleation, 
N 0 may be attributed to the number of 
available lattice sites [135]. The nucleation 
mechanisms described earlier assume that 
the surface concentration of monomers re- 
mains constant throughout the transition. 
The formation of 2D condensed films of 5- 
bromocytosine [136, 137] on mercury and 
anodic adenine-mercury complexes [138] 
are examples of the so-called “truncated” 
nucleation. This mechanism is based on 
the condition that the formation of critical 
nuclei and their competition with growth 
and/or ad/desorption processes tend to 
decrease the available monomer concen- 
tration with time. At a certain moment, 
the nucleation process ceases. 

Atomistic approach - small cluster model of 
nucleation With increasing supersatura- 
tion the number of monomers constituting 
the critical cluster reduces up to a few 
atoms or molecules, and in some partic- 
ular cases of nucleation on active sites, 
this number was found to be close to 
zero [2, 139]. Macroscopic quantities, such 
as surface, surface free energies, and so 


on lose their physical meaning and the 
use of atomic forces of interactions be- 
comes more reasonable. The atomistic 
approach for the calculation of the nu- 
cleation rate on supersaturation was first 
introduced by Walton [140] and then de- 
veloped to a general nucleation theory by 
Stoyanov and Milchev [141, 142]. These 
authors considered the excess free energy 
of creation of a new “surface” (second 
term in Eq. (9)) by the difference be- 
tween the individual binding energies of 
N monomers (atoms, molecules) in the 
bulk, Ntyi/ 2 , and the dissociation ener- 
gies of an A-mer cluster by including the 
binding energies of the monomers in the 
cluster as well as the interaction with the 
substrate, 'E,- . Substrate-induced strain 
is accounted by the introduction of a 
strain energy per monomer, £m, which 
yields 

AGpb(A) = |avE 1/2 - J2 *i j + 

(22) 

Applications of this atomistic approach to 
metal deposition on foreign substrates are 
summarized in [2]. Buess-Herman [143] 
pointed out that, in contrast to charge 
transfer -induced 2D adlayers, critical nu- 
clei of surfactant molecules are quite large, 
often being composed of more than 100 
molecules. In these cases, the CNT is still 
valid. 

3 . 3 . 3 . 2 . 2 C rowth The expansion of a su- 
percritical nucleus through continued in- 
corporation of monomers is called growth. 
If the resulting new phase is isotropic, 
as for instance in the case of a cir- 
cular island, a single, time-independent 
growth rate, Icq, suffices to characterize 
the process. For anisotropic growth, there 
will be several growth rates [2]. For 2D 
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growth, expansion of the clusters is pos- 
sible only at its periphery. Referring to 
the elementary process involved on an ide- 
ally smooth surface, one may distinguish 
two main mechanisms: (1) growth con- 
trolled by the rate of monomer incorporation 
and (2) mass transport (surface diffusion)- 
controlled growth [17, 118]. 

Assuming that the incorporation is the 
rate -determining step, the number N{t) 
of monomers belonging to an isolated 
circular cluster of height h obeys the 
equation 

dN(t) 

— - — = Inker (t)h (23) 

ot 

with 



p is the number of particles per unit 
area [17]. Normalization to the real sur- 
face area S E and to the maximum 
surface excess of the condensed phase 
r m yields the fractional coverage of this 
phase as 


3 0 IjzhkfM 

— = — t = K\t 

3 1 pS E V m 


(25) 


The first in situ atomic-scale visualization 
of this growth mechanism was recently 
demonstrated for the incorporation of 
chloride ions at lcink positions of the 
c(2 x 2) chloride adlayer on Cu(100) in 
0.01 M HC1 [144], 

If the rate of advance of the growing 
circular center is controlled by symmetrical 
hemicylindrical (surface) diffusion about 
an axis perpendicular to the 2D nucleus 
one obtains 


r(t) = AsfDt (26) 


where A is a constant depending on 
potential, molecular weight, and density 
of the monomer, and D is the diffusion 


coefficient [145, 146]. The corresponding 
coverage function is given by 

3 6 2jz h A 2 Dp . 

— = = K\ (27) 

3 1 ms e r m 1 

When more than one critical nucleus is 
formed, competition between the grow- 
ing centers for the limited areas S E takes 
place. Growth ceases at the point where 
these patches merge, domain bound- 
aries are created, coalescence may often 
be ruled out [147]. Computer simulations 
predict for the 2D growth controlled 
by direct incorporation of monomers 
(Eden model), rather compact patches 
with fractal dimensions close to 2 [148]. 
In situ scanning tunneling microscopy 
(STM) experiments with hydrogen-bonded 
2D condensed films of purine bases 
on defect-free HOPG-surfaces confirmed 
these findings [149]. In the diffusion- 
limited aggregation model, proposed by 
Witten and Sander, the resulting clus- 
ter has an open structure with fractal 
dimensions of 1.66 [150]. More complex 
mechanisms involve anisotropic and/or 
multistep growth, induction periods of 
growth [117, 133, 151-154], as well as 
defect-mediated processes [2, 17]. The case 
of ID growth was treated quantitatively 
in the formation of surface hemimicelles 
of amphiphils [155]. Lorenz and cowork- 
ers pointed out that type and density of 
surface defects, such as monatomic steps 
on single-crystal surfaces, influence dra- 
matically the steady state structures as 
well as the kinetics of 2D phase forma- 
tion processes. They demonstrated, for 
instance, that barrierless nucleation and 
2D growth on an equidistantly spaced 
stepped surface predicts rectangular i-t 
transients [2]. 
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3. 3. 3. 2. 3 Coupling of Nucleation and Mononucleation Mononucleation events 
Growth The rate of nucleation J and at electrochemical interfaces have been 
the growth rate k g are both functions observed in potential step experiments 
of the applied supersaturation (e.g. by monitoring current, charge, or ca- 
electrode potential [2] or difference in pacitance as a function of time under 
surface energy [3], respectively). Three conditions of (1) low supersaturation and 
basic regimes may be distinguished: (2) small, defect-free electrode surfaces. 

If the formation period of the critical These experiments offer the unique op- 
cluster is much longer than the time portunity to determine simultaneously 
required to cover the available electrode absolute rates of the nucleation and growth 
surface by its subsequent growth, the processes. The formation of the critical 
transformation involves just one nucleus, nucleus appears stochastically in time and 
and is called mononucleation. If the space (Fig. 3). The time distribution (con- 
rate of nucleation is much faster than tinuous) of the birth events of critical 
the subsequent growth process, many nuclei (discrete), as indicated by the on- 
nuclei contribute to the creation of set of the subsequent growth transient 
the new phase. This regime is known (current/charge increase, decrease of in- 
as polynucleation. The intermediate case, terfacial capacitance), within a sufficient 
which involves just a few nuclei, is named long train of repetitive transient experi- 
oligonucleation. ments under identical conditions, leads 


Fig. 3 (a) Current-time curves 

associated with the formation of single 
monolayers on a rectangular 
quasi-perfect Ag(l 00) electrode in 6 M 
AgN 03 at 45 °C and an overvoltage of 
2 mV, as reported by Bostanov and 
coworkers in Ref. [154], The inserts 
show possible nucleation sites, (b) Time 
dependence of — ln(P 0 ) during the 
growth of a screw dislocation-free (100) 
face of a silver single crystal at 6.0 mV. 
The solid line is drawn with 
JSe = 0.0864 nucleation per second 
(reprinted with permission from 
Ref. [159], copyright 1982 by Elsevier). 






396 | 3 Specific Adsorption 

directly to the steady state nucleation rate 
J . The statistical analysis is based on the 
Poisson distribution: 



where 


/x = JSEt; J in (m 2 s x ) (29) 


P N represents the probability of having 
N nuclei formed at a time t, where t 
is a continuous variable, whereas N is 
discrete: N = 0, 1, 2, and so on [123], 
Usually one evaluates the probability of 
observing no nucleation event, P 0 , dur- 
ing a given time interval At. These data 
are experimentally accessible and rather 
unambiguous [123, 156-164]. According 
to Eq. (25), lnP 0 should be directly pro- 
portional to t, with the proportionality 
constant J (Fig. 3b). 

Typical examples of mononucleation are 
the deposition of silver on electrolytically 
grown Ag(100) crystals (Fig. 3) [156-159], 
and the formation of 2D condensed or- 
ganic films, such as isoquinoline [160], 
thymine [163], or coumarin [162-164] on 
mercury electrodes. These experiments 
demonstrate that the rate of nucleation 
is more strongly dependent on the ap- 
plied supersaturation than the growth 
rate. Extreme care has to be taken in 
mononucleation experiments to avoid arti- 
facts from edges or defect contributions of 
the substrate or catalytic effects of impuri- 
ties [161, 162], 

Figure 3 illustrates, as just a small 
section of a train, three individual i-t tran- 
sients for the deposition of a single silver 
monolayer on a dislocation-free Ag(100) 
surface having a rectangular cross section. 
The formation of the critical nuclei is in- 
dicated by arrows. The corresponding plot 
of — ln/o(f ) versus t for an overvoltage of 


6 mV is shown in Fig. 3(b). The nucleation 
rate is strongly potential-dependent with 
In 7 ~ 1//; (cf. Eqs. (11 and 16)) [156-159], 

The shape of the mononucleation tran- 
sient is directly related to the absolute rate 
of growth, since no overlapping of nu- 
clei takes place. Figure 3(a) illustrates the 
isotropic growth of an expanding circular 
silver nucleus. Growth stops at the edges 
of the rectangular substrate surface. The 
growth rate constant was found to be of 
the order of 1 cm s -1 V -1 [156-159]. The 
carefully chosen geometry of the silver 
template provides, in addition, direct ac- 
cess to the location of the initially formed 
critical nucleus. 

The growth of a 2D condensed organic 
film created by mononucleation on a 
hemispherical mercury electrode is often 
expressed in terms of a growing spher- 
ical disk by expansion of its periphery 
(Fig. 4a) [160, 164]: 


i = — = 2nrq m kc, sin 
3 1 


kdt - t Q ) 


(30) 

where r denotes the radius of the electrode, 
cj m the monolayer charge. Icq the growth 
rate, and t Q the onset of growth. Figure 4(b) 
shows a set of experimental and simulated 
transients for coumarin on mercury [164]. 
The stochastic nature of the experiment 
is represented by the scatter of the 
mononucleation transients along the time 
axis. The shape of the i-t traces is identical 
because of the use of a small, spherical 
(mercury) electrode. 


Polynucleation At high supersaturation, 
many nuclei are created independently. 
The completion of the transition proceeds 
by subsequent growth of a large number 
of nuclei. The resulting transients, for 
instance triggered by a potential step, are 
no longer stochastic, but deterministic. 
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Fig. 4 (a) Scheme illustrating the growth of a single nucleus 

according to constant radial growth, (b) Stochastic current-time 
transients obtained for 0.5 M MaF + 5 mM coumarin at a hanging 
mercury drop electrode (HMDE) following a single potential step 
from Ei = —0.400 V to £2 = —0.520 V. The lines were drawn using 
Eq. (30) with kc/r = 1 7.5 s _1 , q m = 108 nC, and appropriate values 
for t 0 (reprinted from Ref. [164], copyright 1995 by Bulgarian 
Chemical Society). 


and do not depend on the shape and 
area of the electrode surface. In the initial 
stages of formation of the new phase, 
the individual centers can be assumed to 
grow rather independently of each other. 
The extended fractional coverage 0 X , which 
represents the hypothetical coverage of the 
unhindered growth of individual nuclei, 
is obtained by solving the convolution 
integral [17, 134, 165] 



with dN/dt given by the respective 
law of nucleation (cf. Eq. (18-21)) and 
fi(t — x) representing the growth (cf. 
Eq. (25, 27)). The extended coverage 6 X 
and the “true” coverage 6, as obtained 
in reality by internuclear collision and 
overlap of the growing centers at an ad- 
vanced stage of the transition, are related 
within the framework of the Avrami theo- 
rem [166-171] 


This statistical law makes it possible to 
correlate single cluster behavior to that 
of a collection of many clusters and, 
alternatively, to derive nucleation and 
growth laws from observations involving 
many overlapping clusters. The validity of 
Eq. (32) requires a random distribution of 
a large number of clusters, in which, each 
must be small with respect to the total 
available electrode area. 

The combination of Eqs. (31 and 32) 
with the exponential law of nucleation 
(Eq. (18)), and growth of circular 2D clus- 
ters by direct incorporation of monomers 
(Eq. (25)) yields, as an example [172, 173] 

6 = l-exp(-2KiIV 0 |? 2 - j t 

+ A[l-exp(-/t)]j) (33) 

and the limiting cases 

0 = 1- exp(—2K\N 0 J't 2 ) 
for j’ > 00 


9 = 1- exp (— 0 T ) 


(32) 


(33a) 
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„ , 2KiN 0 J\i 

1 - exp 1 


for j' 


-> 0 


(33b) 


for instantaneous or progressive one-step 
nucleation [3, 17, 118]. 

Examples of the kinetic mechanisms 
represented by Eq. (33) and its lim- 
iting cases are the 2D formation of 
organic and ionic monolayers of cy- 
tosine [174], 5-bromocytosine [173], iso- 
quinoline [175], coumarin [164], guani- 
dinium nitrate [176], for chloride [177] 
and hydroxide [178] and several other so- 
called anodic films on mercury [179, 180], 
as well as the transition between the 
x an d the (1 x 1) Cu-UPD layer 
on Au(lll) [181]. 

In case of surface diffusion-controlled 
growth (Eq. (27)), one obtains accordingly 


8 = 1 — exp 


2K[N a 


x 



[1 - exp( -ft)] 


(34) 


and 


8 = 1 — exp(—2K[N 0 t) 

for J' ^ oo (34a) 

8 = 1 — exp(-K[N 0 j't 2 ) 

for J' > 0 (34b) 

Phase formation kinetics based on sur- 
face diffusion-controlled growth processes 
have been suggested for 2D monolay- 
ers of camphor-10-sulfonate on mer- 
cury [182], physisorbed uracil films on 
Au(hkl) [183], as well as the commensu- 
rate/incommensurate transition c(^/2 x 
2y / 2)R45° — »■ c (p x 2^2)R45° of bromide 
on Au(100) [51], 


The same strategy was applied in the 
derivation of rate equations for «-step nu- 
cleation according to a power law (cf. 
Eq. (21)) [133, 134], the combination of 
nucleation laws with anisotropic growth 
regimes [153], as well as truncated nucle- 
ation due to time-dependent concentration 
gradients of monomers [136]. MC simu- 
lations verified that the Avrami theorem 
is valid for instantaneous [184], progres- 
sive [185], and «-step nucleation according 
to a power law [184-187]. 

The above-mentioned expressions of 
polynucleation and growth processes, as 
triggered by single potential step experi- 
ments E\ —> £2, may be represented by 
the general Avrami equation [15, 16, 188] 

8 = 1- exp (-b f t m ) (35) 

bf is a constant incorporating both rates 
of nucleation, J , and growth, k w ; m is re- 
lated to the sum of the dimension and the 
time exponent in the nucleation law. The 
values of m provide a set of diagnostic cri- 
teria to determine possible mechanisms 
of the nucleation and growth processes 
involved (Table 1). Unfortunately, there ex- 
ists no unique relation between m, bf, 
and the actual kinetic mechanism on the 
basis of single potential step experiments. 
Elowever, in carefully designed secondary 
growth double potential step experiments 
(£1 — »■ £2 £3), one may separate nucle- 

ation and growth exploiting their different 
dependence on supersaturation [156, 157, 
189, 190]. The rate of nucleation is a much 
steeper function of potential than the rate 
of growth. The program sequence starts 
with a potential pulse £1 —*■ £2 of large 
amplitude and short duration x to create 
a fixed number of critical nuclei, while 
ensuring their insignificant growth. The 
second step, £2 -*■ £3, is chosen such 
that (1) further nucleation is unlikely and 
(2) only preformed nuclei start to grow 
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Tab. 1 Diagnostic criteria to determine possible mechanisms of 
nucleation and growth based on the general Avrami equation (35) 


Exponent 

Nucleation 

Growth 

Example 

1 

1 

SD 

154 

1 < m < 2 

EL 

SD 

51, 154, 182, 183 

2 

1 

Dl 

173, 181 


P 

SD 


2 < m < 3 

EL 

Dl 

173, 174 

3 

P 

Dl 

16, 164, 175, 176 

m > 3 

PL 

Dl or SD 

134 


Note: Abbreviations: / (P) instantaneous (progressive) nucleation; 
EL: exponential law of nucleation; PL: power law of nucleation; SD: 
surface diffusion; Dl: direct incorporation. 



(Fig. 5). Thus, nucleation and growth are 
separately controlled by the parameters of 
the prepulse (£ 2 , t) and of the secondary 
pulse to £ 3 , respectively. 


Fig. 5 (a) Schematic charge, 

(b) capacitance, and (c) current 
transients resulting from a single 
potential step from Ei to E 2 . Panel (c) 
also shows the regime of a secondary 
growth double potential step 
experiment Ei — > E 2 — » E 3 . 


The formation of 2D ordered mono- 
layers at electrochemical interfaces may 
be triggered by an appropriate change of 
monomer concentration, temperature, or 
potential [16]. Potential step experiments 
are preferred for experimental simplic- 
ity. The kinetic analysis of nonfaradaic 
reactions is often based on capacitance 
or charge density transients. The surface 
coverage is obtained according to 


9(t) = 


Co - C(t) 

Co — Coo 


q(t) - go 
Qoo — Qo 


(36) 


where C 0 , Coo and q 0 , q 0 o are the values 
of the differential capacitance and charge 
density before and after the transition 
(Fig. 5). In case of monolayer formation 
involving faradaic processes (anodic films, 
UPD, electrocrystallization), the current 
density is preferred. Numerical integration 
yields 

9(t) = —[jdt (37) 
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q m is the charge of a complete monolayer. 
Differentiation of Eq. (37) represents the 
strategy to transform the model equations 
for the time dependence of the coverage 
6 (cf. Eqs. (33, 34)) into the corresponding 
current density functions. Typical expres- 
sions are summarized in [17, 118, 146, 165, 
172, 191]. 

Transients controlled by polynucleation 
and 2D growth exhibit typically sigmoidal 
shape of the capacitance and charge den- 
sity as a function of time (nonfaradaic pro- 
cess) or a bell-shaped current density re- 
sponse (faradaic process), provided that the 
interference with bulk diffusion and strong 
coupling with ad/desorption of monomers 
is negligible (Fig. 5, Sect. 3.3.4). The role 
of bulk diffusion in 2D phase forma- 
tion kinetics was analyzed by Lorenz [2], 
Bosco [192], and Guidelli and cowork- 
ers [193]. Rangarajan [165] and Pohlman 
[194] explored the consequences of the 
strong coupling between adsorption and 
nucleation/ growth processes. 

With the exception of the elegant 
mononucleation transients on silver depo- 
sition at defect-free silver electrodes [115, 
156-159], the analysis of the macroscopic 
current, charge density, and/or capaci- 
tance transients does not provide direct ac- 
cess to structural information and molec- 
ular/atomistic mechanisms of 2D phase 
formation. Employing dynamic MC sim- 
ulations of microscopic models, Rikvold 
and coworkers pointed out that mean-field 
rate equations, such as the ones based on 
the Avrami ansatz, are limited especially 
in the later stage of the overall transi- 
tion [195]. For systems in which ordered 
phases are involved, the microscopic 
adlayer structure and the dynamic details 
of the adsorption, phase formation, and 
lateral diffusion processes should become 
important [196-198]. The combination of 
time-resolved dynamical MC simulations 


with time-resolved structure-sensitive ex- 
periments is desirable. New perspectives 
along these strategies developed also with 
the advent of time-resolved SEIRAS [199], 
surface X-ray scattering (SXS), [200] and 
in situ scanning probe techniques [201]. 
Some examples will be described in the 
application sections. 


3. 3. 3. 3 Dissolution of 2D Condensed 
Monolayers 

The dissolution of 2D condensed mono- 
layers represents a disorder/order tran- 
sition of a high-coverage phase into a 
low-coverage phase. The process may be 
triggered by applying a potential and/or 
temperature perturbation [15, 16, 202]. 
Potential step experiments are often pre- 
ferred at electrochemical interfaces be- 
cause of experimental simplicity. The 
resulting transient is usually faster than 
the respective adlayer formation [3]. The 
overall dissolution process includes the 
following elementary steps (cf. Fig. 1): 

(1) disintegration or 2D melting of the or- 
dered patches on the electrode surface, 

(2) surface diffusion and desorption of 
monomers, (iii) bulk diffusion into the 
electrolyte. 

Assuming interfacial equilibrium be- 
tween the condensed phase and the ad- 
sorbed noncondensed monomer species 
on the surface and within the Helmholtz 
layer, de Levie [83] described the dissolu- 
tion transients of an ordered camphor film 
at a stationary mercury electrode in very 
dilute solution (10 pM) by semiinfinite pla- 
nar diffusion according to 


#diss = 1 - 8 = 


c — c(x = 0) 


r 


m 



(38) 


6 as the fraction of the electrode covered by 
the condensed layer with T m as (constant) 
surface excess of this phase and c(x = 0) as 
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the interfacial concentration of monomers 
immediately adjacent to the electrode. 

Under conditions of fast surface melting 
of the 2D condensed layer and negligible 
desorption of monomers into the outer 
Helmholtz region, Lorenz [87] and Ran- 
garajan [165] suggested an ansatz based 
on the Langmuir isotherm 

%ss = 1-0 = 1- exp(— L d f) (39) 

This model predicts exponential capaci- 
tance, charge density, or current versus 
time curves, which have been, for instance, 
reported for the dissolution of ordered 
thymine [203] and uracil [204] films on liq- 
uid electrodes. Another example, based on 
rather similar assumptions, is the elec- 
trodesorption of the first ML of anodically 
formed HgS [205]. 

Both models do not explain the 
experimentally observed dependence of 


the disaggregation process on (1) the 
dissolution overvoltage and (2) on the 
history of the preceding 2D condensation. 
Dissolution transients of ordered films 
formed according to polynucleation and 
incorporation-controlled growth indicate 
slower kinetics with increasing ageing 
time at the same potential (Fig. 6). This 
observation is attributed to annealing 
processes of adlayer defects [164, 206, 
207]. Dissolution transients of ordered 
monolayers created from a single nucleus on 
defect-free substrates could be modeled by 
an inverse growth mechanism. The shape 
of these curves deviates significantly from 
that of a single exponential [163]. 

Faradaic admittance experiments on 
a mercury surface blocked by tribenzy- 
lammine [208] and in situ STM experi- 
ments with physisorbed hydrogen-bonded 
monolayers of guanine and adenine on 
HOPG [209, 210] revealed an average 



Fig. 6 Capacitance transients for 0.5 M aqueous NaF + 0.5 mM 
coumarin following a single potential step from E| = —1 .000 V 
(inside the capacitance pit III) to £2 = —0.4265 V at different 
waiting (aging) times t 0 at £ 1 : (1) 2.5s, (2) 5.0s, (3) 10s, (4) 20s, 
(5) 50s. The experimental transients could be well represented by 
Eq. (40) in combination with Eq. (36) (reprinted from Ref. [164], 
copyright 1995 by Bulgarian Chemical Society). 
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diameter of inhomogeneously distributed 
2D-ordered patches on these defect-free 
substrates of 1 pm to 3 pm. The domain 
size of organic, ionic or metal ML on real 
single crystals is significantly smaller, and, 
depending on the defect density of the 
substrate and the substrate -adsorbate in- 
teractions, may range between 20 nm up 
400 nm [20, 23]. 

Referring to the above-mentioned exper- 
imental observations, Buess-Herman and 
Badialli suggested a defect-mediated disor- 
dering process [3, 143, 207]: A 2D-ordered 
ML, formed from a large number of nu- 
clei, is composed of polygonal patches 
separated by domain boundaries, which 
represent a lattice arrangement of line 
and point defects [207, 211]. These bound- 
aries comprise sites, where the activation 
free energy of the phase transformation 
is probably lower than that required to 
form a hole inside the patch. In the two 
limiting cases, dissolution either starts 
from point defects or lines (Fig. 7). Point 
defects resulting from intersection lines, 
substrate defects (vacancies, atomic disor- 
der, chemical impurities, etc.) [2], or the 


ad/desorption of foreign species such as 
solvent molecules and ions of the support- 
ing electrolyte may trigger the creation 
and expansion of circular holes, which fi- 
nally cause the complete dissolution of the 
2D adlayer [199]. The mathematical treat- 
ment of this mechanism is isomorphic to 
the equations derived for polynucleation 
and growth (cf. Sect. 3. 3. 3. 2), and predicts 
for the dissolution of 2D solidlike films 
sigmoidal q M -t and C-t transients, or 
i-t curves exhibiting a characteristic max- 
imum. Models based on the nucleation 
and spreading of holes have been applied 
to the reduction and dissolution of an- 
odic films on mercury electrodes [205, 212, 
213], the dielectric breakdown of bilayer 
membranes [214, 215], and to the transfor- 
mation of the (^3 x ^3) Cu-UPD phase 
onAu(lll) [181]. Recently, hole nucleation 
and growth was also considered to describe 
the cathodic desorption of alkylthioles 
on Au(lll) [216-218] and the disordering 
of uracil [219], cytosine [201], and uri- 
dine [220, 221] monolayers chemisorbed 
on Au(hkl) (paragraph 3. 3. 4.3. 5). Exper- 
imental i-t transients have been fitted 




(b) 


Fig. 7 S implified scheme of 
disordering of a 
two-dimensional condensed 
film starting from point (a) or 
line defects (b). The ordered 
phase is represented by the 
hatched area. 



3.3 Phase 


to expressions combining instantaneous 
or hole nucleation according to an ex- 
ponential law combined with linear or 
surface diffusion-controlled growth [181, 
212, 213, 216-221]. Employing stepped 
gold electrodes with (lll)-oriented ter- 
races of different width (26, 10, 6, or 4 
atoms, (llO)-oriented steps) van Krieken 
and coworkers concluded that an increas- 
ing step density enhances the nucleation of 
holes within an ordered uridine layer, and 
simultaneously slows down their subse- 
quent growth rate [220]. Derivations from 
the classical Avrami-type equations were 
attributed to the strong coupling of the 
phase dissolution with (bulk) diffusion 
or partial desorption [165]. Recent in situ 
STM experiments with physisorbed gua- 
nine ML on HOPG [210] and chemisorbed 
2,2 , -bipyridine on Au(lll) [222] demon- 
strated clear evidence for hole nucleation 
and growth controlled disordering of a 2D 
condensed phase triggered by the applied 
electrode potential and/or temperature (cf. 
Sect. 3. 3.4.3). 

Disordering starting from line defects or 
grain boundaries within a 2D adlayer was 
first described quantitatively by Mulder, 
who considered the progressive shrinkage 
of circular patches with constant rate [211]. 
The model predicts a first-order melting 
transition [223, 224]. Taking the differ- 
ence of interfacial energy y# between the 
growing (dilute) regions, the dissolving 
2D condensed phase, and the line ten- 
sion e between the two competing phases 
into account, Badiali and coworkers ex- 
tended this approach by introducing a 
time-dependent propagation rate of the 
disordered patches [207]. The physical rea- 
son of this approach is based on the 
argument that dissolution leads to a pro- 
gressive disappearance of line defects and 
consequently to a decrease of the line en- 
ergy e ■ l. In parallel, the surface coverage 
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of the disordered phase % ss increases, 
and the remaining adlayer fraction to be 
transformed reduces, which adds a positive 
contribution to Ay#. Assuming a squared 
array (average length 1) of domain bound- 
aries of the initial 2D-ordered phase leads 
to the following time dependence of 6?diss 



with 


£ 

/Ay# 


(40) 

(41) 


and £a(0) being the rate of disorder 
propagation at t = 0. This model can 
be adapted to any geometrical shape of 
domain boundaries [207]. If £ and y# are 
known, the value of the parameter a allows 
the determination of L, which provides an 
estimation of the initial average size of the 
condensed phase. 

Equation (40) was successfully applied to 
represent the disordering of physisorbed 
films on mercury and Au(hkl) elec- 
trodes, such as coumarin, thymine, and 
uracil [207, 225]. The experimental tran- 
sients also support the theoretically pre- 
dicted trends with ageing or healing out 
of domain boundaries during the polariza- 
tion of the high-coverage phase (Fig. 6). In 
situ STM experiments of the potential- 
induced disordering of a cytosine ML 
on Au(lll) indicate that dissolution ini- 
tiated by point and line defects may 
occur even simultaneously [201]. Rather 
little direct experimental evidence exists 
at present at electrode -electrolyte in- 
terfaces for the dissolution of solidlike 
films by subsequent loss of long-range 
positional and orientation order, caused 
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by the unbinding of dislocations and 
discommensurations as predicted by the 
KTHNY-theory [226-228]. Similarly, the 
interactions between adlayer and substrate 
surface as well as the role of substrate de- 
fects, such as vacancies, steps, and holes 
on the disordering of adsorbed ML at 
electrified interfaces have not yet been con- 
sidered in detail, neither experimentally 
nor theoretically. 

3.3.4 

Examples 

3. 3. 4.1 Phase Transitions in Anionic 
Adlayers 

3. 3. 4. 1.1 Introduction Anions have a 
strong tendency to adsorb specifically at 
metal surfaces, for example, to establish 
a direct bond with the electrode by par- 
tial loss of their hydration shell. As a 
consequence of the contact with the elec- 
trode, the ionic character of the anions is 
markedly reduced, resulting in a higher 
surface concentration than in case of non- 
specific adsorption. This effect was first 
observed in double-layer studies on mer- 
cury [229, 230] and later confirmed and 
studied in detail on single-crystal solid elec- 
trodes [231-234]. Specifically adsorbed an- 
ions can form various types of ordered 
structures, either more open (cf. sulfate 
on Au(hkl) [235, 236]) or close-packed as 
reported for halides on different solid elec- 
trodes [21]. Cyclic current-potential curves 
often reveal sharp current peaks, indica- 
tive of phase transitions within the anionic 
adlayers and hence of the existence of or- 
dered phases [21, 237]. Thermodynamic 
data of specific anion adsorption was 
obtained in surface tension studies (on 
mercury only! [229, 238-240]), capacitance 
measurements [231-233], cyclic voltam- 
metry, and chronocoulometry [234]. As an 


example, the following sequence of specif- 
ically adsorbed anions was found on Hg 
and Au(lll) on the basis of the Gibbs ener- 
gies of adsorption and solvation [229-232, 
234, 241]: 

F“ < Cl0 4 “ < S0 4 2- < cr 

< Br“ < 1“ (42) 

The combination of classical electrochem- 
ical measurements with ex situ transfer 
experiments into UHV [242], and in situ 
structure-sensitive studies such as elec- 
troreflectance [25], Raman and infrared 
(IR)-spectroscopies [29, 243], and more 
recently STM and SXS [39] provided de- 
tailed knowledge on energetic, electronic 
and structural aspects of (ordered) anion 
adsorption and phase formation. These 
experimental studies have been comple- 
mented by various theoretical approaches: 
(1) quantum-chemical model calculations 
to explore substrate -adsorbate interac- 
tions [244-246]; (2) computer simulation 
techniques to analyze the ion and sol- 
vent distribution near the interface [247]; 
(3) statistical models [67]; and (4) MC sim- 
ulations [38] to describe phase transitions 
in anionic adlayers. 

Specifically adsorbed anions can also 
significantly affect the stability and elec- 
trochemical reactivity of metal electrodes. 
Examples are the alteration of the potential 
(charge) distribution in the double layer 
known as Frumkin effect [248], the lifting 
of the surface reconstruction of Au(hkl) 
electrodes [249], the electrochemical depo- 
sition and dissolution of metals in the 
presence of anionic ligands [250], and the 
role of halides and sulfate on the oxygen 
reduction on Pt and Au [251]. 

The following chapter is focused on the 
structure and phase behavior of specif- 
ically adsorbed anion adlayers on solid 
single-crystal metal electrodes. On the 
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Tab. 2 Adlayer structures of halides on Au(hkl) and Ag(hkl), adapted from Ref. [21] 


Electrode 

Electrolyte 

Structure 

Coverage 

Technique 

Reference 

Au (111) 

Cl 

Aligned-hex 

0.508-0.5277 

SXS 

253, 254 


Br 

Rotated-hex 

0.462-0.515 

SXS/STM 

254 


1 

(^3 x ,/3)R30 o 

1/3 

STM/LEED 

255, 258 



c(p x s/3) 

0.33-0.41 





rotated-hex 

0.41-0.45 

SXS 


Au(100) 

Cl, Br 

c(^2 x 2 V /2)R45° 

0.50 

SXS, STM 

51, 259, 261 



c{s/2 x p)R45° 

0.50-0.62 




1 

c(p x 2v'2)R45° 

0.46-0.49 

STM 

257, 263 



rotated-hex 
c(s/2 x 2 V /2)R45° 

0.50 

SXS 


Au(110) 

Br 

0x3) 

2/3 

STM 

262 



(1x4) 

3/4 





rotated 

3/4 




1 

pseudohex 
c(2 x p) 
c(2 x p) 

0.39-0.416 

SXS 

260 

Ag (1 11) 

Cl 

Aligned-hex 

0.53 

STM 

266 


Br 

(7x7) 

0.51 

SXS 

265 


1 

{s/3 x ^/3) R30° 

1/3 

SXS 

265 



c(p x v/3 ) 

0.33-0.38 

STM/LEED 

267 



rotated-hex 

0.41 



Ag(100) 

Cl, Br, 1 

c{2 x 2) 

0.50 

SXS 

53, 55, 268 

Ag(110) 

Cl, Br 

c(p x 2) 

0.72-0.76 

SXS 

263 


basis of selected examples with halide 
or oxyanion-containing adlayers, it will 
be demonstrated that the observed struc- 
tures and 2D phase transitions can be 
understood as a result of competing adsor- 
bate-adsorbate and adsorbate-substrate 
interactions. 

3. 3. 4. 1.2 Phase Formation in Halide 
Adlayers 

In Situ Results on Adlayer Structures For 

Cl - , Br - , and I - ordered structures have 
been observed in in situ studies on single- 
crystal electrodes of the face centered cubic 
(fee) metals Au [51, 252-264], Ag [53, 55, 
251, 265-269], Cu [270-272], Pt [23, 251, 
273, 274], [275-277], Pd [278], Rh [279], 
and Ni [280]. A comprehensive review is 


given in Ref. [21]. Selected results of these 
studies, as obtained by in situ STM and/or 
SXS for ordered halide adlayers on Au(hkl) 
and Ag(hkl), are summarized in Table 2. 
Before the detailed discussion of specific 
examples, several general trends shall be 
pointed out. 

Ordered halide adlayers are only ob- 
served above a critical potential E c , which 
often represents rather high anion cover- 
ages. The potentials of adlayer formation 
and phase transitions between different 
ordered adlayers shift ~60 mV per decade 
of halide concentration. The potential 
ranges of the ordered phases depend 
strongly on £ pzc and the strength of 
metal-halide interactions. The ordered 
phases are stabilized by repulsive ad- 
sorbate-adsorbate interactions. Halides 
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form predominantly close-packed hexag- 
onal adlayers on the (111) surfaces of 
fee metals reflecting isotropic adsor- 
bate-adsorbate interactions [259, 268], At 
saturation coverages the adlayer spacings 
are typically slightly above the halide 
van der Waals diameter [254], For halide 
adlayers on coinage metal surfaces such 
as Au(lll), Ag(lll), and Cu(lll) often 
incommensurate structures with lattice 
spacings, which decrease with increas- 
ing potential were found (electrocompres- 
sion) [51, 254, 255, 259]. On the (111) 
surfaces of transition metals well-ordered 
adlayers exhibit preferentially commen- 
surate structures indicating a stronger 
preference for energetically favorable ad- 
sorption sites [273-277]. Halide adlayers 
on fee (100) surfaces exhibit a strong 
trend towards commensurate structures, 
with a predominant occurrence of sim- 
ple c(2 x 2) adlattices. This reflects the 
higher substrate corrugation potential of 
the more open, square (100) lattice [259], 
Incommensurate phases are only ob- 
served on Au(100), which represent similar 
trends as observed on (111) surfaces [51, 
259, 268]. Only few studies of halides 
exist on fee (110) surfaces, which often 
report pseudohexagonal adlayers, where 
the anions reside in the atomic rails 
along the (llO)-direction. An exception is 
Au(110)/I“, where a rotated incommen- 
surate phase was observed [257, 262, 264]. 
The structure and phase behavior of halide 
adlayers at the electrochemical interface is 
very similar to the adlayers formed by dis- 
sociative desorption in the gas phase in the 
high-coverage regime [281, 282]. Differ- 
ences are found only at low coverages [283, 
284]. These differences can be related to 
solvation effects at the electrochemical in- 
terfaces, which are most pronounced in 
the low-coverage regime. 


The chemisorbed halide (or halogen) 
adlayers, in particular those on coinage 
metal surfaces, exhibit a structural phase 
behavior, which closely resembles that 
of classical 2D systems, such as ph- 
ysisorbed noble gases on graphite and 
metal surfaces [33, 285], An advantage of 
the electrochemical environment, as com- 
pared to the solid-vacuum interface, is 
that the adlayers are close to equilibrium. 
Since coverage and adlayer structure can 
be directly controlled via the electrode 
potential, metal electrodes in halide so- 
lutions are interesting model systems for 
fundamental studies of phase transitions 
in two dimensions. Most phase transi- 
tions in ordered adlayers of halides on 
smooth (111) and (100) surfaces are first 
order, often manifested as sharp peaks 
in the cyclic voltammogram or double 
layer capacitance, and discontinuities in 
the adsorption isotherms. They involve 
phase coexistence and proceed via nucle- 
ation and growth mechanisms [51]. Phase 
transitions, which can be described by 
continuous changes of the order parame- 
ter, were reported for two electrochemical 
systems on (100) surfaces: the disorder- 
order transition for Ag(100)/Br“ [53, 55, 
265] and the commensurate - UI transi- 
tions for Au(100)/Br~ [51, 259]. 

Adlayer Phases and Phase Transitions on fee 
(111) Surfaces The structure of adsorbed 
monolayers, in particular the registry be- 
tween the adlayer and the substrate, is af- 
fected by the symmetry of the substrate, the 
adsorbate -adsorbate interactions, and the 
corrugations in the adsorbate-substrate 
interaction potential [259]. The later is 
rather weak on the (111) faces of fee met- 
als, and of comparable magnitude to the 
lateral interactions between the halide ad- 
sorbates in high-density adlayers. If the 
average lattice constants of adlayer and 
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substrate are different, the resulting phase 
is a compromise between a simple com- 
mensurate structure, which minimizes the 
interface energy (determined by the cor- 
rugation in the adsorption energy), and 
a uniformly compressed incommensurate 
phase, which is favored by the elastic lat- 
eral interactions in the adlayer. Frenkel 
and Kontorova [68] and Frank and van 
der Merwe [69] showed the lowest energy 
state corresponds to a system of com- 
mensurate regions separated by domain 
walls (also called solitons or misfit dis- 
locations). When the domain walls are 
diffuse, such that the adsorbed species are 
equally spaced along the incommensurate 
direction, the structure is referred to as 
a uniformly compressed incommensurate 
phase. For these phases and dislocation 
structures, the displacement of the adsor- 
bates from the commensurate positions 
can result in a long-range vertical modula- 
tion (Moire-pattern) of the adlayer, which 
is often observed directly by STM [252, 253, 
258, 261, 267]. 

A whole sequence of adlayer structures 
is illustrated by the system Ag(lll)/I _ , 
where ordered phases are observed in 
a wide range of potentials and surface 
coverages due to the strong adsorption 
and high polarizability of iodide [259, 267]. 
Starting at negative potentials in which 
the halide layer is disordered, a commen- 
surate (^3 x ^3)R30°, an UI c (p x ^3), 
and an incommensurate rotated hexago- 
nal structure were found with increasing 
potential, independently in SXS- and STM 
studies [259, 267] (Fig. 8). The coverage 
6 increases from 1/3 in the commensu- 
rate phase with iodide species residing 
in threefold hollow sites to 0.442 at the 
most positive potentials. The c (p x ^3) 
structure is obtained by uniaxial com- 
pression of the (^3 x ^3)R30° adlattice 
along the (110) direction of the substrate. 


The iodide species are arranged in a 
centered rectangular unit cell with sides 
and p, where p decreases with in- 
creasing potential. The adsorbate coverage 
changes from about 0.355 to 0.40 in 
a 0.56 V wide potential range. At the 
most positive extreme of the c(p x ^3) 
phase, the structure corresponds to the 
c(5 x ^3) high-order commensurate unit 
cell with a nearest-neighbor iodide spac- 
ing of 0.439 nm. Qualitatively, the SXS 
data show two discontinuous changes in 
coverage, indicating first-order phase tran- 
sitions for (^/3 x ^/3)R30° c(p x ^3) 
and c(p x ^/3) -h- rotated-(hex) (Fig. 8). 
The phase behavior of Ag(lll)/I“ is com- 
pared with that of iodide on an Au(lll) 
surface, which exhibits an almost identical 
substrate geometry. Both incommensu- 
rate phases, the c (p x ^3) and the ro- 
tated - (hex) phase, were observed by in 
situ STM, as well as SXS [252, 255, 258], 
The commensurate (^3 x ^3)R30° phase 
was only found in a limited potential range 
by STM and ex situ LEED studies [258], 
which might suggest that this structure 
exists only as a short-range ordered phase. 
The potential-dependent coverage of the 
incommensurate phases on Au(ll 1) is also 
plotted in Fig. 8 (filled circles). For com- 
parison, the potential scale for the data on 
Au(lll) was shifted by —0.50 V to account 
for the difference in £ pzc of Ag(lll) and 
Au(lll) [259]. 

The phase behavior of iodide on Ag(lll) 
and Au(lll) is an elegant example of 
the stepwise loss of commensuration with 
increasing potential accompanied by two 
first-order phase transitions. This phase 
sequence has been predicted by Bak and 
coworkers [286] using Landau theory and 
Kadar [287] using a generalized three-state 
Potts model. 

The orientation of the adlayers in 
the incommensurate hexagonal phases 
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Fig. 8 (a) The structures of iodide on 

Ag(l 1 1) and Au (111) deduced from 
X-ray scattering results. They 
correspond to (1) the commensurate 
(V3 x V3)R30°, (2) the Ul c (p x J3), 
and (3) the rotated hexagonal phase. 

(b) Corresponding in situ STM images 
of iodide on Au(lll) (from Ref. [258]). 

(c) The potential-dependent coverages, 
6, of iodide, determined from the 
in-plane diffraction, are shown versus 
the applied potential for Ag(l 1 1) in 

0.1 M Nal (open symbols) and for 
Au (111) in 0.1 M Kl (filled circles). The 
potential scale of the Au (1 1 1 ) data has 
been shifted negatively by 0.50 V to 
facilitate the comparison with the 
Ag(lll) data (reprinted with permission 
from Ref. [265], copyright 1996 by 
Elsevier Science Ltd.). 


exhibits a complex behavior. The adlayers 
are rotated relative to the (^3 x ^3)R30° 
direction by an angle fi < 5°, which varies 
continuously with adlayer density, 1° to 
2.5° for Ag(lll)/I“ [259] and 0.5° to 
4.0° for Au(lll)/I“ [255]. The epitaxial 
rotation is a well-known phenomenon 
in heteroepitaxial growth [285], and was 
first studied theoretically by Novaco and 
McTague [71, 72]. They showed that 
for an infinite incommensurate adlayer, 


a rotation from a high symmetry, 
commensurate orientation is energetically 
preferred if the transverse strain in the 
adlayer is sufficiently lower than the 
longitudinal strain. The total energy is 
minimized at a nonzero angle because 
of the presence of periodic lateral 
distortions of the adsorbate lattice (static 
distortion waves). The Novaco-McTague 
theory predicts an analytical relationship 
between the rotation angle fi and 
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the incommensurability e = ^/3 0 in the 
rotated (hex) phase, and provides a 
reasonable description of the experimental 
data for iodide on Ag(lll) and 
Au(lll) [255, 259]. 

The continuous variation of the ad- 
layer coverage in the UI or incommen- 
surate phase with potential is called 
electrocompression [255]. Assuming an 
electrosorption valency y = — 1, the lat- 
eral compression /qd of the adlayer can 
be calculated via /qd = (ye 0 ) _1 (5A/5£), 
where A = T -1 is the area per adsorbed 
iodide species [255, 288]. The diffraction 
data yield halide adlayer compressibil- 
ity’s in the range 1.8 to 6.9 A 2 eV -1 and 
4.47 to 9.40 9 A 2 eV -1 for the UIC and 
the IC phases, respectively [21]. This is 
higher than the compressibility of elec- 
trochemically deposited metallic monolay- 
ers (i< 2 d = 1-2 A 2 eV^ 1 ) [288], but signifi- 
cantly lower than that of physisorbed noble 
gas adlayers (/qd = 1 — 2 A 2 eV -1 ) [285]. 
The compressibility of metal and noble 
gas adlayers can be explained by the 
free electron model. The latter is not 
applicable to quantitatively describe the 
electrocompression of halides on Au(lll). 
Taking into account substrate-mediated, 
indirect interactions, electrostatic inter- 
actions, Lennard-Jones interactions, in- 
teractions between induced dipole mo- 
ments, and three-body interactions, Wang 
and coworkers calculated 0(E) in rea- 
sonable agreement with the experimental 
data [289]. 

Adlayer Phases and Phase Transitions on 
fee (100) Surfaces With the exception of 
Au(100) the only stable low-order com- 
mensurate phase studied on (100) metal 
surfaces is the c(2 x 2) structure [53, 55, 
268-270, 278]. Although the commensu- 
rate c(2 x 2) phase, where all adsorbates 


can occupy the preferred hollow sites, 
minimizes the interfacial energy between 
halide adlayer and metal, the resulting 
square adlattice is energetically unfavor- 
able in terms of adsorbate-adsorbate 
interactions. An instructive example for 
illustrating the competing contributions 
of lateral interactions and corrugation 
potential are bromide adlayers on the struc- 
turally isomorphic Ag(100) and Au(100) 
surfaces. 

Ag(100)/Br Recently, Wandlowski and 
coworkers demonstrated in a combined 
electrochemical and in situ SXS study 
the existence of a low-coverage lattice 
gas phase for bromide on Ag(100), and 
an Ising-type transition into the c(2 x 2) 
phase [53, 55]. Figure 9 shows the capac- 
itance curve and the potential-dependent 
SXS intensity at (1/2, 1/2, 0.12), which 
is a first order diffraction peak of the 
c(2 x 2) phase, and the intensity at (1, 
0, 0.12) representing the occupation of 
the fourfold hollow sites of the substrate. 
The position of the sharp peak Pj in the 
capacitance curve at —0.80 V (vs. SCE) cor- 
relates well with the onset of the c(2 x 2) 
long-range order. For E > —0.80 V, the 
intensity at (1/2, 1/2, 0.1), which is pro- 
portional to the order parameter squared, 
increases according to (E — E c ) 2 ^ with the 
critical exponent /3 = 0.125 in agreement 
with the prediction of the 2D Ising model. 
The same power law was also obtained 
under UHV-conditions (LEED), in which 
the chemical potential was obtained from 
the coverage [58]. The intensity at (1, 0, 
0.12) slowly decreases between —1.25 V 
and —0.60 V, for example, in the potential 
range of the broad capacitance peak Pi. No 
discontinuity is observed around the dis- 
order/order phase transition (P 2 ), which 
indicates a continuous change in cover- 
age, in support of a second-order phase 
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Fig. 9 (a) Capacitance versus potential 

curves for Ag(l 00) in (0.05 -x) M 
KCIO4 +*M KBr; x represents the KBr 
concentrations: 1-0, 2-10~ 2 M. Scan 
rate 1 0 mV s _1 , 1 8 Hz and 1 0 mV 
peak-to-peak ac-amplitude. (b) Potential 
dependence of the normalized 
scattering intensity of Ag(l 00) in 0.04 M 
KCIO4 + 0.01 M KBr at (1 /2, 1 /2, 0.1 2) 
(O, reflection of the c(2 x 2) adlayer) 
and at (1, 0, 0.12) (dashed line, 

Ag(l 00) - (1 x 1) surface rod), (c) The 
real space structures of the lattice gas 
configuration (left) and the 
commensurate c(2 x 2) bromide 
adlayer (right) (reprinted with 
permission from Ref. [55], copyright 
2001 by Elsevier Science Ltd.). 


(b) 


e sce 

[V] 




transition. Comparison of the bromide 
coverage in hollow sites, 9 SXS , obtained 
from the SXS experiments with the to- 
tal coverage, 9 to t, measured by chrono- 
coulometry, revealed good agreement at 
the highest potentials, but lower val- 
ues of 6> sxs at intermediate coverages, 
which is attributed to a significant dis- 
placement of the adsorbates from hollow 
sites at low coverages [55] (Fig. 10a). The 
disorder-order transition occurs at 9 SXS = 
0.25 and d t ot = 0.35. The latter is close to 
the critical coverage of 0. 3 68 obtained from 


simulations assuming lattice gas adsorp- 
tion with a pure hard square model [290]. 
On the basis of an MFA, Ocko and 
coworkers estimated a repulsive inter- 
action energy of 0.110 eV between bro- 
mide adsorbates on next-nearest neighbor 
sites [268]. Koper [56] and Mitchell and 
coworkers [57, 291] performed MC sim- 
ulations for a lattice gas model (LGM). 
These authors found from fits to the 
Ag(100) /Br“ adsorption isotherms that the 
lateral interactions are quite adequately de- 
scribed with a nearest neighbor excluded 
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Fig. 10 (a) Potential dependence of the 

normalized bromide coverage obtained 
chronocoulometrically ($tot. □) or by 
analyzing the scattering intensity in ( 1 , 

0, 0.1) position ($sxs, °) for Ag(100) in 
0.04 M KCIO 4 + 0.01 M KBr. (b) 6 » to t 
(referenced to the Ag(100)-(1 x 1) 
lattice) for three KBr concentrations 
in (0.05 -x) M KCIO 4 on Ag(100). The 
solid lines represent the 
Monte-Carlo-simulation isotherms as 
calculated by Rikvold and coworkers in 
Ref. [291] (reprinted with permission 
from Ref. [55], copyright 2001 by 
Elsevier Science Ltd.). 



(a) [V] 



(b) [V] 


volume interaction and a (dominating) 
long-range dipole -dipole repulsion. The 
simulations quantitatively reproduced the 
electrochemical data and provided an ex- 
cellent description of the critical properties 
of this continuous phase transition [57, 
291] (Fig. 10b). Koper also pointed out that 
the QCA is a more appropriate analyti- 
cal description of the experimental 9 — E 
isotherm than the mean-field treatment 
(MFA or Frumkin isotherm) [56]. 

Au(T00)/Br Figure 11 illustrates a typical 
current versus potential curve of bromide 
on Au(100) [51, 259, 261, 292]. Three char- 
acteristic current peaks are observed in 
the positive scan direction, and two in 


the negative one. Comparison with in 
situ SXS experiments revealed that the 
peak P\ represents the transition be- 
tween the hexagonal (reconstructed) and 
the quadratic (unreconstructed) arrange- 
ment of the gold atoms in the top layer 
of the substrate [51]. No other diffrac- 
tion peaks were found at E < P 2 . At the 
voltammetric peak P 2 , a first-order phase 
transition between gaseous-like, randomly 
adsorbed bromide and a commensurate 
c(^/2 x 2^2)R45° halide adlayer (coverage 
6 = 0.5), which is stable in the poten- 
tial region between P 2 and P 3 , takes 
place [51]. The rectangular unit cell con- 
tains two bromide species with nearest 
and next-nearest neighbor distances of 
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Au(100)-(hex) I Au(100)-(1 x 1) 



(a) [V] 



(b) [V] 


Fig. 11 (a) First current versus 

potential scan of a freshly 
flame-annealed Au(100) electrode, 
immersed at —0.80 V in 0.05 M NaBr, 
scan rate 1 0 mV s -1 . The stability 
regions of the various substrate surface 
(Au) and adlayer structures (Br) are 
indicated. The transitions are labeled 
Pi, P 2 /P 2 ', and P 3 /P 3 ', and the stability 
regions are named I, II, III, and IV. 

(b) Potential dependence of the 
bromide adlayer coverage as obtained 
by SXS for the C/UIC transition between 
c(v/2 x 2 V /2)R45° and c(^/2 x p)R45°. 
The open (filled) circles represent the 
negative (positive) going potential scan. 
The solid line was calculated with a 
power law 0.1 22(E — £ c ) 0 ' 40 + 0.5, 
where E c is the concentration-dependent 
thermodynamically defined transition 
potential, as indicated in the figure 
(reprinted with permission from 
Ref. [51], copyright 1996 by American 
Chemical Society). 


4.08 A and 4.56 A, respectively. The crys- 
tallographic analysis of the X-ray peak 
intensities suggests a registry of the 
c(^/2 x 2^2)R45° adlayer with all adsor- 
bates residing in bridge sites, rather than 
a mixed occupation of top and hollow 
sites [259]. This result is also supported 
by an in situ STM study of Cuesta and 
coworkers [261], in which no differences 
in the apparent height of the halide 
adsorbate in the c(^2 x 2^/2) R45° unit 
cell were observed. The preference for the 
c{^/2 x 2^2)R45° phase, with respect to 
the higher coordinated, and commonly on 
fcc(100) surfaces found c(2 x 2) phase (cf. 


Ag(100)/Br“ [53]), suggests that the elastic 
interactions between the Br - adsorbates, 
which favor hexagonal packing, are more 
significant than the adsorbate-substrate 
interaction energy difference between the 
two phases. The corrugation potential for 
bromide on Au(100) appears to be weaker 
than on Ag(100). Similar trends were 
found in halide adlayers on Au(lll) and 
Ag(lll) [21], as well as in the corrugation 
potentials extracted from the calculations 
of Ignaczak [245]. 

The commensurate c(^/2 x 2^/2) R45° 
phase transforms at E > 0.40 V into 
a UI c(^2 x p)R45° adlayer, where 
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the incommensurability s = 2^/2/ (p — 1) This behavior is consistent with a cu- 
continuously varies from 0 (commensurate mulative disorder in the c(^2x p) R45° 
phase) to 0.12. The nearest-neighbor spac- phase [259]. The results for bromide ad- 
ing in the c(^/2 x p)R45° structure is al- sorption on Au(100) under electrochemical 
ways the commensurate spacing a& us /2 = control indicate that continuous C -»■ UIC 
4.078 A, the next-nearest-neighbor spacing transitions are not restricted to the vacuum 
decreases from 4.56 A in the commensu- environment. 

rate phase to 4.13 A resulting in an almost The kinetics of the phase transitions 
undistorted hexagonal lattice at the most of bromide adlayers on Au(100)-(1 x 1) 
positive potentials [51, 259]. As the lat- were studied by chronocoulometric poten- 
tice compresses the bromide species slide tial step experiments [51]. Current tran- 
along the “rails” determined by the under- sients indicate for the disorder -h- c(^/2 x 
lying gold atoms. The adlayer compression 2^2)R45° transitions in both directions 
is similar to that in the rotated hexagonal an instantaneous (hole) nucleation pro- 
phase on Au(lll) [254], cess coupled with a Langmuir-type ad- 

The continuous change of the bromide sorption/desorption mechanism. Rising 
coverage with potential upon the transi- transients, which could be modeled with 
tionc(V2 x 2,/2)R45° c(^/2 x p) R45° the exponential law ofnucleation and ID or 

can be approximated by the power law 9 = surface diffusion-controlled growth, were 
0.122 (E - E C )P + 0.50 with fi = 0.40 and obtained for the c(^2 x 2,/2)R45 0 -* 

E c = 0.375 V. The measured exponent is x P) R45 ° transition when stepping 

smaller than the theoretical value fi = 0.50 into the potential regime of high incom- 
predicted by Pokrovsky and Talapov for mensurability, (the uniformly compressed 
the C -* UIC transition within a model adlayer phase). The signal-to-noise ratio 
of noninteracting domain walls [70]. The in the range of the weakly incommen- 
theoretical prediction is only supposed surate phase was too high, and hence 
to apply close to the transition, where no direct conclusion on the “continu- 
the domain walls are narrow relative to ous ” character of this phase transition 
their separation. The experimental pre- around E c (as predicted from the above- 
cision does not permit to quantitatively mentioned SXS results) from transient 
extract the exponent close to the transi- experiments was accessible. The dissolu- 
tion, in which the theoretical prediction hon of the UIC (^/2 x p)R45 phase is 
could be unambiguously tested. At higher characterized by monotonous i-t curves, 
incommensurabilities the bromide cover- which may be related to the consider- 
age is not only determined by the proximity a hl e disorder of the c(^2 x 2^2)R45 
to the C/UIC phase transition, but rather when formed from the incommensurate 
by the compressibility of the bromide ad- phase [51]. 
layer, which may explain the deviations 

in the exponent. The width of the X-ray 3. 3.4.1. 3 Phase Transitions in Adlay- 
diffraction (XRD) peaks in the incommen- ers of Oxoanions The specific ad- 
surate direction scale quadratically with sorption of oxoanions, such as sul- 
the wave vector component in this di- fate /bisulfate, hydroxide, or phosphate 
rection, and increase continuously by an considerably affects the shape of voltam- 
order of magnitude as the C/UIC tran- metric and capacitance curves [21, 23, 
sition is approached from the UIC side. 231-233, 293]. The presence of sharp 



41 4 | 3 Specific Adsorption 

current spikes, reported, for instance, have focused on sulfate or bisulfate 
for Au(lll) or Pt(lll)/H 2 S 04 [237, 294, adsorbed on noble metal single-crystal 
295] and HPO 4 2- [296, 297] was at- electrodes, and in particular on the 
tributed to first-order phase transition Au(lll) surface [235, 298-309], The ad- 
involving specifically adsorbed anions, sorption behavior of sulfate species 
Most structural studies with oxoanions on Au(lll) was investigated by cyclic 



(1x1) (f3xp) 



(b) 110 nm (c) 10 nm 

Fig. 12 (a) Cyclic voltammogram range for Au(l 1 1) in 0.05 m 

H 2 S0 4l scan rate 10 mV s -1 . The stability of the various substrate 
(Au) and adlayer structures (HS0 4 ~ or S0 4 2 ~) is indicated, (b) In 
situ STM image of the thermally reconstructed Au(l 1 l)-(p x ^/3) 
surface at —0.20 V. (c) First-order phase transition between 
randomly adsorbed sulfate species and the ordered 
(^3 x ,/7)l 9.1° phase on Au(l 1 1 ) - (1 x 1) during a potential scan 
from Ei = 0.750 V to E 2 = 0.820 V. The scanning direction is from 
top to bottom. The arrow indicates the phase transition upon 
passing P 2 (reprinted from Ref. [299], copyright 1997 by VCH 
Verlagsgesellschaft mbH Weinheim). 
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voltammetry [237, 310], chronocoulometry 
and radiochemistry [311], microgravime- 
try [312], IR-spectroscopy [298, 313-315], 
SHG [316], and in situ STM [235,298, 299, 
317] (Fig. 12). Three potential regions can 
be distinguished in the steady state voltam- 
mogram for Au(lll) in 0.05 M H2SO4, 
separated by well-defined current peaks. 
Pi represents the lifting of the recon- 
struction of the gold surface [249], and 
implies that region I can be assigned to 
the reconstructed Au(lll)-(p x ^3) sur- 
face with minor adsorption of sulfate. 
Regions II and III represent the un- 
reconstructed Au(lll)-(1 x 1) phase. At 
potentials more positive than the sharp 
current spikes P 2 / Pt , which exhibit a 
small but distinct hysteresis, (bi) sulfate 
forms a highly ordered commensurate 
(V3 x v / 7)R19.1° superstructure. Chrono- 
coulometric and radiochemical experi- 
ments [311] yielded in this potential region 
a maximum surface coverage of 0.2, which 
is significantly below the value expected 
for a close-packed sulfate adlayer. Infrared 
data revealed a C3 V symmetry, in which 
three oxygen atoms of the sulfate species 
interact with the substrate reflecting the 
symmetry match of the tetragonal an- 
ion with the trigonal gold surface [313, 
314]. This assignment is in agreement 
with recent calculations [318]. The same 
ordered sulfate structure was found dur- 
ing in situ STM studies on (111) surfaces 
of Pt [300, 301], Rh [302], Cu [303-306], 
Ir [307], and Pd [308]. Two kinds of max- 
ima can be seen in the STM images of 
the (^3 x ^7^19.1° structure, but only 
the brighter one corresponds to the ad- 
sorbed sulfate, the secondary maxima have 
been assigned either to coadsorbed wa- 
ter [302, 314] orhydronium ions [308, 309] 
to stabilize the oxoanion adlattice by direct 
hydrogen bridges. 


The macroscopic kinetics of the disor- 
der/order phase transition, giving rise to 
the (^3 x v / 7)R19.1° adlayer on Au(lll), 
was studied by chronoamperometric po- 
tential step experiments [299]. The ob- 
tained experimental current transients 
could be represented by the exponen- 
tial law of nucleation in combination 
with surface diffusion-controlled growth 
(Fig. 13). The first-order nature of this 
transition is supported by a recent in 
situ STM study [235]. Magnussen and 
coworkers reported on the coexistence 
of fluctuating (^3 x *J7) adlayer islands 
and patches displaying the bare Au(lll) 
substrate on terraces at potentials just 
positive of Py. Domain boundaries were 
found to be mobile, and the shape of 
the islands was changing rapidly. In situ 
SEIRAS studies employing the step-scan 
technique might reveal further structural 
details of the sulfate and water species 
of this phase transition with a time res- 
olution of up to 5 ps [199]. Increasing 
the step density of the substrate surface 
causes (1) the cumulative disorder of the 
(V^ x V7)R19-1° adlayer and (2) an in- 
crease of the nucleation rate [299] (Fig. 14). 
No current spikes P 2 /P 2 were observed 
at a critical miscut angle of 4.7°, corre- 
sponding to a terrace width of 2.9 nm. 
This trend is supported by similar ob- 
servations of ordered sulfate and phos- 
phate structures on defect-rich Au(100) 
electrodes [309]. 


3. 3. 4. 2.1 Introduction UPD is referred to 
as the deposition of a metal monolayer 
onto a foreign metal substrate positive 
of the respective bulk (Nernst) potential 
E lev . The metal adatoms are bound more 
strongly to the foreign metal substrate than 


3. 3. 4. 2 Phase Transitions in 
UPD - Adlayers 
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Fig. 13 Current transients i(t) for Au(l 1 1), miscut < 0.5°, in 0.05 M H 2 SO 4 
obtained after a single potential step from E 1 = 0.75 V (region II) to various 
final potentials in region III. The experimental traces are given as individual data 
points, the solid lines represent theoretical curves calculated with the 
parameters of the numerical fit to a model combining (a) an adsorption process 
(Eq. 7) and (b) one-step nucleation according to an exponential law with 
surface diffusion-controlled growth (Eq. 34), (reprinted from Ref. [299]. 
Copyright 1997 by VCH Verlagsgesellschaft mbH Weinheim). 


to a substrate of its own kind, for example, 
the chemical potentials of monolayer 
and bulk are different. In comparison 
to molecular adsorption, one observes a 
significant charge transfer (faradaic reaction 
!) between the deposited metal ion and the 
polarized electrode [116]. 

The UPD is often demonstrated in 
cyclic voltammetry. The formation (dis- 
solution) of the first monolayer is seen 
by pronounced current peaks at E > 
E rey , the bulk deposition occurs at E < 
E rey . For many polycrystalline surfaces, 
it has been shown that the differences 
in peak potentials for the oxidative dis- 
solution of metal monolayers and bulk 
correlate linearly with the difference in 
work function, A<t>, of substrate and 


deposit [116, 319]. This correlation is not 
valid at single-crystal electrodes [320-322], 
New theories of UPD involving semiem- 
pirical models, DFT- and band structure 
calculations taking into account contri- 
butions of the electronic subsystem (re- 
lated to work function differences) and 
of the ionic cores of the adsorbate, have 
been developed to model the trends ob- 
served on single-crystal electrodes (cf. 
Ref. [323]). These quantum statistical ap- 
proaches are complemented by statistical 
mechanical models [67] and (dynamic) 
Monte Carlo simulations [197] on UPD 
systems. 

The use of single-crystal electrodes 
in UPD -studies revealed pronounced 
structure specificity in metal monolayer 
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Fig. 14 Typical set of /-t transients with £i = 0.75 V/E 2 = 0.804 V for 
stepped Au(l 1 l)_s crystals with various miscut angles (as indicated) in 
0.05 M H 2 SO 4 . The solid lines represent calculated curves as obtained 
with the parameters of the numerical fit to an adsorption-nucleation 
model (cf. Fig. 13), (reprinted from Ref. [299], copyright 1997 by VCH 
Verlagsgesellschaft mbH Weinheim). 


formation as was shown in the early 
work of Schultze [320-322], Lorenz [324], 
Bewick and coworkers [48-50], or 
Adzic [325]. Meanwhile a considerable 
amount of data is available, which 
illustrate the role of electrode material 
and surface crystallography, the influence 
of coadsorbed anions and/or solvent 
molecules, as well as intermetallic 
electronic and ionic interactions on (1) 
the formation/dissolution and (2) on 
the structural properties of these metal 
monolayers (cf. reviews in [2, 22, 116, 
326-328]). 

UPD of metals has been extensively 
studied with a variety of methods. Cyclic 
voltammetry is frequently employed to 
phenomenologically describe the phase be- 
havior in UPD systems and to determine 
adsorption isotherms assuming full dis- 
charge of the metal ions [2, 116, 326-328]. 
The role of partial discharge and anion 


coadsorption onto the exact determination 
of coverage-potential isotherms was ex- 
plored by the twin-electrode thin-layer 
technique [329] and studies with the quartz 
crystal microbalance (QCM) [330]. Multi- 
step adsorption isotherm was taken as a 
first evidence for ordered UPD films [2, 
22, 320-322]. The kinetics of adlayer 
deposition/dissolution, as monitored in 
chronoamperometric potential step ex- 
periments, was phenomenologically in- 
terpreted with homogeneous diffusion- 
adsorption models (cf. summary in [2]) 
or as first-order phase transitions con- 
trolled by nucleation and growth [48-50]. 
Optical properties of the metal mono- 
layers were studied in the visible and 
near UV-range by electroreflectance spec- 
troscopy [25] and second harmonic gen- 
eration [331]. The use of ex situ UHV- 
techniques (LEED, reflection high-energy 
electron diffraction (RHEED), XPS, UPS, 
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Auger electron spectroscopy (AES)) af- 
ter controlled emersion of the electrode 
provided important direct information on 
the structure, energetics, and composition 
of the various metal adlayers [242, 332, 

333] . Major breakthroughs in the determi- 
nation of adsorption sites, UPD adlayer 
structures, and their dynamics and re- 
activity properties were achieved by the 
use of in situ SXS techniques [24, 39, 

334] , as well as in situ scanning probe 
microscopy such as STM and atomic 
force microscopy (AFM) [23, 335, 336], 
Very recently, several structure-sensitive 
in situ techniques have been applied to 
monitor the kinetics of UPD or dis- 
solution. Finnefrock and coworkers [200] 
performed first SXS-measurements for Cu 
UPD on Pt(lll), and Atalca and cowork- 
ers [199] demonstrated the usefulness of 


step-scan SEIRAS in exploring kinetic 
mechanisms of metal deposition pro- 
cesses. 

The following sections are not meant to 
review the entire field of UPD. Emphasis 
will be rather given to three model systems, 
Cu UPD on Au(hkl), Pt(hkl) and Pb UPD 
on Ag(hkl) to describe, based on these 
examples, typical structural aspects and 
kinetic processes of 2D phase formation 
with low-dimensional metallic adlayers on 
foreign substrates. 

3. 3. 4. 2. 2 Underpotential Deposition of 
Copper Ions on Au(hkl) 

Cu-UPD on Au (ill) in sulfuric acid - struc- 
tural aspects The UPD of Cu on 
Au(lll) in sulfuric acid electrolyte 
has been studied using (1) classical 
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Fig. 15 Cyclic voltammogram for Cu 
UPD on a well-ordered Au (111) 
electrode in 0.1 M H 2 SO 4 + 1 mM 
CL 1 SO 4 , scan rate 1 mV s _1 (reproduced 
from L. Kibler, Preparation and 
Characterization of Noble Metal 
Single-Crystal Electrodes. Copyright 
2000 by International Society of 
Electrochemistry), and electrochemically 
derived Cu coverage (normalized charge 
referring to one complete Cu UPD ML) 
as a function of potential, determined by 
potential steps in the positive direction. 
The Cu adlayer structures are also 
shown (adapted from Ref. [360]). 
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electrochemical methods, such as voltam- The coverage was estimated to 0.2 ML em- 
metry [320-322, 337, 338], chronocoulom- ploying QCM [351, 352] and chronocoulo- 
etry [339, 340], (2) in situ techniques such metric [339, 340] measurements. These 
as STM [341-343], and AFM [344-346], experimental results are corroborated by 
FTIR [199, 347], X-ray absorption spec- a recent theoretical work of Blum and 
troscopy [348, 349], SXS [350, 351], and coworkers [67, 356-358] and Rikvold and 
QCM [352, 353] and (3) ex situ UHV tech- coworkers [197, 359], 
niques (LEED, RHEED, AES) [242, 354, 

3^]- Current transients and adsorption kinetics 

The cyclic voltammogram of Cu UPD s h a p e 0 f the current peaks, the 

on Au(lll) shows two well-defined hysteresis in the peak positions between 
pairs of current peaks A x /A 2 and the cathodic and anodic potential sweeps 
corresponding to energetically dif- ( par ticularly for B x and B 2 ) and 
ferent adsorption/desorption processes i att ice gas simulations [197, 359] suggest 
(Fig. 15) [320-322, 337]. In the first step that monolayer formation occurs via 
(peak A x ), the transition between ran- several first-order 2D phase transitions, 
domly adsorbed copper and (hydrogen) Single potential step experiments revealed 
sulfate ions into an ordered layer of monotonously falling transients for peak 
copper atoms (electrosorption valency (disordered Cu adlayer -* (^3 x 

Y ~ 1-8 [339, 340]) and coadsorbed sul- ^3)R30°) and rising transients for peaks 
fate ions takes place. The resulting ,q 2 ((^3 x ^3)R30° -* disordered Cu 

(\/3 x V3)R30° structure was first ob- adlayer), B x ((^3 x V3)R30° -4(lx 1)), 
served by ex situ LEED and RHEED an d b 2 ((1 xl)-> (^3 x V / 3)R30°) 
experiments [354], and later confirmed (Fig. 16) [181]. If the potential step width 
by in situ SXS [350], STM [341-343], j s increased (“higher overpotentials”), 
and AFM [344]. QCM [352, 353], chrono- the surface reaction becomes faster, 
coulometric [339, 340], and FTIR- a nd the current maxima are shifted 

measurements [199, 347] proved the to shorter times and higher current 

coadsorption of sulfate. The SXS study densities. At low overpotentials, the entire 
of Toney and coworkers [350] revealed phase transition process can be slowed 
that copper atoms form a commensu- down into the timescale of seconds 
rate honeycomb lattice (occupation of or minutes. The transients for peaks 
threefold hollow sites, 2/3 ML coverage), A 2 , B\, and B 2 could be modeled 
while sulfate species are adsorbed in the by instantaneous (hole) nucleation and 
centers (1/3 ML coverage) above the plane 2D growth (Bewick-Fleischman-Thirsk 
of the copper atoms. Three oxygen atoms (BFT) - theory) in parallel to a Langmuir- 
of each sulfate species are chemically type adsorption/desorption process of 
bound to Cu atoms, and one points to- species, with both proceeding at different 
wards the electrolyte [350], In the second electrode sites [181], Models based on site- 
step (peak B), a pseudomorphic mono- unspecific coupling of adsorption and 
layer of Cu (1 x 1) on Au(lll) (occupation nucleation [361] or solely on homogeneous 
of threefold hollow sites) is formed [343]. adsorption processes with lateral attraction 
EXAFS experiments indicate the disor- failed [362]. 

dered coadsorption of sulfate species on Additional support for the nucleation 
top of the copper monolayer [348, 349]. and growth controlled phase formation 
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Fig. 16 Measured current transients ( ) for 

the two-dimensional phase transitions during Cu 
UPD on Au(lll) in 0.05 M H 2 S0 4 + 1 mM 
CuSC >4 (peaks Ai , ,4 2 , Bi , and B 2 in Fig. 15). The 
potential steps are indicated in the figure. The 
results of a least-square fit to a model combining 
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(a) Langmuir-like adsorption according to 
Eq. (7) and instantaneous (hole) nucleation/2D 
growth represented by Eq. (33a) as two parallel 
processes are also shown (•). (Reprinted from 
Ref. [181], copyright 1994 by Elsevier Science 
Ltd.) 


process of Cu UPD on Au(lll) is given 
by a recent dynamic MC simulation of 
Rilcvold and coworkers [359]. The authors 
employed a two-component lattice gas 
(Cu 2+ , SC> 4 2 ~). The microscopic dynamics 
includes adsorption/desorption and one- 
step lateral diffusion of both adsorbate 
species with energy barriers according to 
the Volmer-Erdey-Gruz theory. The sim- 
ulated current profiles for the transitions 
(V3 x y3)R30° -4(1x1) (B^ and (1 x 
1) -4 (^3 x ^3)R30° (B 2 ) reflect one-step 
nucleation and growth mechanisms with 
the same overpotential-dependence as ob- 
served in the original experimental data. 
The transition of the (^3 x ^3)R30° into 


the disordered, low-coverage phase ( A 2 ) 
is described by a sequence of two first- 
order phase transitions, the first involving 
the desorption of 1/3 ML of Cu followed by 
the decay of a “long-lived” (^3 x ^3)R30° 
phase of 1/3 ML Cu and 1/3 ML sul- 
fate species [359]. Time-resolved SEIRAS 
experiments demonstrated that the first 
step may already involve the partial des- 
orption of sulfate [199]. 

The reversed, qualitatively different 
monotonically decaying profiles of the 
transition between randomly adsorbed 
species and (^3 x ^3)R30° (Ai) are mod- 
eled by an initial fast adsorption of 
Cu, which cause the collapse of the 
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Fig. 17 A series of snapshots of a dynamic Monte-Carlo 
simulation after a negative-going potential step to 20 mV 
below the transition between the low coverage and mixed 
(^3 x *J3) layer (peakAi). Cu is represented by the filled 
circles (.), sulfate by a triangle (A), and the unoccupied sites 
are open circles (.). After the step, a fraction of sulfate 
desorbs, but the remaining sulfate combines with the newly 
adsorbed copper to form a loose domain. With time, this 
domain fills in and grows. The MC-current response 
reproduces qualitatively the monotonically decreasing 
experimental transient in panel Ai , Fig. 1 6 (with permission 
by P. A. Rikvold, Ref. [359], copyright 1999, The 
Electrochemical Society). 
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already present sulfate into domains 
of a metastable (^3 x ^3) phase with 
1/3 ML Cu and sulfate species, respectively 
(Fig. 17). Later this fills with Cu form- 
ing the equilibrium phase with 2/3 ML 
Cu [359]. 


Time-resolved in situ STM experi- 
ments [360] performed in the so-called 
x-t mode (one scanline is recorded 
as a function of time) revealed first 
structural details of these phase forma- 
tion processes. Figure 18 indicates that 


t= 12.7s 



t= Os 100 nm 

t= 12.7s 



f=0s 100 nm 


Fig. 18 (a) In situ x-t STM images of the phase transition 

(^3 x ^73)830° — > (1 x 1) for Cu UPD at Bi and the reversed 
process at 62 in the neighborhood of a monatomic step. The 
potential step regime and the corresponding time sequence are 
given in the figure (with permission by M. Holzle, Ref. [360]). 
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the potential-induced transition (^3 x 
^3)R30° ->(lxl) (peak B\) starts at 
monatomic steps and on flat terraces. 
Nucleation on steps appears to be ener- 
getically preferred and somewhat faster. 
Growth proceeds with a constant rate. 
This observation is directly reflected 
in the corresponding current-potential 
and current-time curves. Measurements 
on well-oriented Au(lll) electrodes with 
miscut angles <JC0.1° revealed a split 
peak B as a results of energetically 
well-separated nucleation on steps (prefer- 
entially more positive) and terraces [337, 
342] (cf. Fig. 15). This separation van- 
ishes and peak B broadens with miscut 
angles >1° (increasing step density). Si- 
multaneously, the maximum of the cur- 
rent transients changes into monotonously 
falling traces indicating dominant con- 
tributions from nucleation at step edges 
coupled with ID growth from these sites 
and/or increasing disorder of the ad- 
layer. 

STM-measurements of the reversed 
process (1 x 1) — >• (^/3 x V / 3)R30° (peak 
B 2 ) clearly show that the terraces are 
preferential (hole) nucleation sites, and 
that the new phase grows linearly with 
time. Increasing the substrate step den- 
sity modifies this mechanism; the maxima 
of the rising part of the correspond- 
ing current transients appear distorted. 
Similar trends were observed for the 
“desorption” process around A2. Unfor- 
tunately, the STM and chronoamperomet- 
ric experiments did not yet allow the 
derivation of a quantitative correlation 
between step density and the elemen- 
tary steps of 2D phase formation of 
Cu-UPD. 

Influence of anions Cyclic voltammetry re- 
veals that the anions of the supporting 
electrolyte have a strong impact on the 


adlayer structure and on the deposition 
kinetics (cf. review in [24]). Coadsorption 
with Cu atoms was proven by in situ 
radiotracer [363], ex situ AES [364], in situ 
EXAFS, and SXS [348, 349, 365, 366] and 
chronocoulometry [339, 340, 367, 368]. In 
diffraction studies (LEED, RHEED [364, 
369], SXS [365]) it was demonstrated that 
the anions are structure-determining for 
Cu UPD on Au(lll). The adlayers at 
intermediate coverages are distinctly dif- 
ferent for perchlorate, sulfate, chloride, 
and bromide solutions (Figs. 15, 19), and 
altogether do not resemble the pseudomor- 
phic adlayer structure for Cu evaporated 
onto Au(lll) in UHV [354]: (2.2 x 2.2) 
with C10 4 “, (^3 x V^)R30° with SO4 2- , 
(5 x 5) with Cl - [364], and (4 x 4) with 
Br [365]. The strength of copper adsorp- 
tion apparently decreases in the order 
Cl” > Br- > SO4 2 for equal concentra- 
tions of the anion in the bulk. Since Br~ 
is more strongly adsorbed an Au(hkl) than 
Cl - indicates that the synergetic effect of 
the anion on the Cu adsorption does not 
correlate directly with the strength of anion 
adsorption [370]. 

The deposition kinetics is also strongly 
influenced by coadsorbed anions, as re- 
flected in the current densities of the 
positive UPD peak (Ai). Cu deposition 
in CIO4- solution is slow, requiring up 
to 20 min to form a full monolayer. Cl“ 
shifts the onset of Cu deposition towards 
more positive values. At potentials negative 
of the peak at 0.265 V, a (5 x 5) structure 
was observed [371], which is attributed to 
Cl - forming a bilayer with coadsorbed 
Cu (cf. discussion in [367]). Cu deposi- 
tion in Br - solution causes, around the 
sharp current peak at 0.260 V, the forma- 
tion of a Cu-induced (4 x 4) Br - adlayer, 
which fills up with increasing Cu coverage 
into a stochiometric CuBr pattern. At the 
second sharp current spike, around 0.05 V, 
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Fig. 19 Cyclic voltammograms for UPD of Cu on Au(l 1 1) in 0.1 M HCIO 4 , 0.05 M H 2 SO 4 , 0.1 M 
HCIO 4 + 1 mM NaCI, and 0.1 M HCIO 4 + 1 mM NaBr. The copper concentration was always 1 mM, 
scan rate 5 mV s _1 . The ordered structures in the medium coverage region are also indicated (with 
permission by M. Holzle, Ref. [360]). 



Fig. 20 Cyclic voltammograms for UPD of Cu on Au(100) and Au(l 10) in 0.1 M 
H 2 SO 4 + 1 mM Cu 2+ , scan rate 1 mV s -1 . 


a phase transition into a (1 x 1) Cu layer 
with a (4 x 4) Br“ structure on top of it 
takes place. Both transitions are quite re- 
versible [365]. 

Role of substrate crystallography on Cu-UPD 
Figures 15 and 20 illustrate the influ- 
ence of the substrate crystallographic 


orientation on Cu-UPD on Au(hkl) in 
sulfuric acid solution. The Cu ML on 
Au(lll) is formed in two energetically 
distinctly different steps in 0.35 V > E > 
0.05 V, with the second peak being split for 
quasi-perfect Au(lll) surfaces into con- 
tributions from step edges and terraces 
(Fig. 15). The formation of the pseudo- 
morphic Cu ML on Au(100) proceeds in 
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two steps in 0.40 V > E > 0.17 V. The ma- 
jor charge contribution is consumed in the 
broad, more positive feature. No ordered 
adlayer has been reported in this poten- 
tial region. At potentials negative of the 
sharp current spike, an ordered Cu-UPD 
(1 x 1) ML was found [372]. The overall 
deposition process appears to be strongly 
influenced by the presence of monatom- 
ically high gold islands, created during 
the lifting of the Au(100)-(hex) recon- 
struction [373]. On Au(110) the Cu ML is 
formed in a broad, single peak adsorption 
process [374]. 


3. 3. 4. 2. 3 Underpotential Deposition of 
Copper Ions on Pt(hkl) The UPD of Cu 

on Pt(hkl) has been studied by electro- 
chemical techniques [375-386], electrore- 
flectance [375], radioactive labeling [387, 
388], IR-spectroscopy [389, 390], electro- 
chemical quartz crystal microbalance 
(EQCM) [391], in situ STM [389, 392-396], 
and a variety of X-ray techniques [200, 385, 
397-401], as well as ex situ UHV-methods 
such as LEED, AES, and XPS [389, 399, 
402-406], 

Figure 21 shows a slow scan voltam- 
mogram of Cu-UPD on a high-quality 
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Fig. 21 UPD of Cu on a Pt(l 1 1) bead electrode in 1 mM 
Cu 2+ + 0.1 M H 2 SO 4 , sweep rate 1 mV s 1 . The inset shows the 
integrated charge density for the positive and negative going potential 
scans, respectively [407], 
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Pt(lll) electrode in 0.1 M H 2 SO 4 [407]. 390, 402]. During the second UPD peak, 

Two pairs of narrow deposition (A\, B\) B 2 , the sulfate ions are displaced from 

and dissolution (A 2 , B 2 ) peaks, which the honeycomb center, and a (1 x 1 ) pseu- 

are separated by a small, but distinct domorphic ML is formed with the Cu 

hysteresis, are developed clearly. Inte- residing in the threefold hollow sites of 

grating the current between 0.70 V and the Pt surface, on top of which the sul- 

0.55 V (RHE) gives a monolayer charge of fate ions arrange in a (^3 x *J7) pattern, 

approximately 500 pC cm~ 2 . The mecha- 6 = 0.20 [389, 396, 397.] The reverse pro- 

nism of Cu deposition on Pt(lll) in the cesses take place during the dissolution 

presence of sulfuric acid is described as of the UPD phase upon positive potential 

follows: Bisulfate ions adsorbed on the excursion. 

Cu-free Pt(lll) surface form a (^3 x ^/7) Systematic studies with stepped 
structure [301] which gradually transforms Pt(lll)_s electrodes having (111) terraces 

into (^3 x ^3)R30° [389, 390, 402]. Upon and monatomic (110) [386, 407] or 

passing the first UPD peak A\, sulfate ions (100) [379, 380] steps demonstrate that 

and Cu' 5+ coadsorb in a honeycomb lattice the fingerprint region of Cu-UPD 

(2/3 ML of Cu, threefold hollow sites). The depends strongly on terrace size and step 

resulting (^/3 x ^3)R30° structure was density. At low coverages, Cu adsorbs 

observed by in situ STM [390, 395, 396] preferentially on steps [382, 383, 407]. 

and SXS [408], and is in agreement with Figure 22 illustrates, as an example, typical 

ex situ XPS and LEED investigations [389, current versus potential profiles for the 



Fig. 22 Current versus potential profiles of the stripping of a Cu-UPD ML deposited on 
stepped Pt(n n n-2) electrodes as recorded during a positive potential scan from 0.35 V to 
0.80 V, 1 mV s -1 , with 1 mM Cu 2+ in 0.1 M H 2 SO 4 [407]. 
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Fig. 23 Current transients of the dissolution ofaCu UPD MLon Pt(lll) in 1 mM Cu 2+ + 0.1 M 
H 2 SO 4 , obtained when stepping the potential from £1 = 0.50 V to various final potentials as 
indicated in the figure. The transients with final potentials lower than 0.67 V could be modeled 
by assuming two successive hole nucleation processes according to an exponential law coupled 
with surface diffusion-controlled growth (cf. Eq. (30) and Eq. (33)). The inset shows, as an 
example, the fit ( ) for the experimental transient ( ) £1 = 0.50 V — > £2 = 0.65 V [407], 


dissolution of the Cu-UPD phase during 
a slow positive potential scan (1 mV s _1 ). 
The narrow peaks A 2 and B 2 representing 
the dissolution from terrace sites decrease 
and merge in a broader feature with 
decreasing terrace width (increasing step 
density). Simultaneously, two additional 
current peaks, £>2 and C 2 , develop around 
0.45 V and 0.73 V, which correspond to 
sulfate desorption on copper-decorated 
monatomic steps and, at more positive 
potentials than B 2 and A 2 , to the Cu 
dissolution from previously decorated 
step sites [382]. The i-t transients of 
Cu-UPD dissolution in sulfuric acid could 
be modeled within the BFT-theory by 
two successive (Pt(lll), low overvoltages) 
or one single (higher index, stepped 
electrodes) hole nucleation processes 
according to an exponential law coupled 
with surface diffusion-controlled growth 


(Fig. 23). Dissolution according to a ID 
line-by-line controlled mechanism was 
recently proposed for stepped Pt-electrodes 
with a terrace width <6 atoms. No detailed 
analysis of the kinetic mechanism of the 
slow deposition process has been reported. 

Cu-UPD on Pt(hkl) depends strongly on 
substrate crystallography and anions of the 
supporting electrolyte [378, 386, 402, 409]. 
On defect-free, hydrogen-cooled Pt(100)- 
(1 x 1) electrodes a pseudomorphic 
adlayer of fully discharged Cu-ions is 
formed (dissolved) in sulfuric acid in one 
single step consuming 446 pC cm -2 [404, 
410, 411]. The stripping process is 
controlled by (hole) nucleation and 2D 
growth [407]. Cu deposition onto Pt(110)- 
(lxl) surfaces takes place in two distinct 
steps giving rise to a (2 x 1) and (1 x 1) 
overlayer periodicity [394, 403]. Cu-UPD 
adlayers on Pt(hkl) are stabilized by 
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coadsorbed anions, which shift the onset these UPD phases were reported by 

of deposition towards more negative Finnefrock and coworkers [200]: At the 

potentials according to the following initial potential E\ = 0.20 V the epitaxial 

sequence: F _ < CIO 4 - < (H)S0 4 <2)_ < Cu(l x 1) layer is present at the surface. 

Cl - < Br“ < I - [390]. Rather complex At the final potential E 2 = 0.35 V (past 

bilayer structures have been reported B2) the incommensurate CuCl structure 
(Fig. 24, cf. summary in [22]). The is formed (Fig. 25a). The corresponding 
voltammetric profiles represent two-stage transient current, which is related to the 
processes. At potentials above the first dissolution of Cu and the reorganization 

UPD peak, chloride ions are adsorbed in of the Cl- adlayer, decays exponentially to 

a disordered phase. During the first UPD- zero at times well below 1 s. The X-ray 

step (disorder- order phase transition) a response at the scattering position (0.765, 

Cu ML is formed, which is covered 0, 0.5), which is sensitive to the 2D order 

by an incommensurate, close to (4 x of the Cu species within the UPD phase, is 

4) Cl - -adlayer. The latter transforms slower and completely different in shape 

during the second UPD peak at negative (Fig. 25c). The sigmoidal SXS-transients 

potentials, and on top of an epitaxial (1 x were attributed to a 2D nucleation- 

1) Cu adlayer, into a (2 x *J3) phase and-growth process. These experimental 

accompanied by partial desorption of results indicate that the processes of 
Cl - [402, 405, 412, 413]. The extend of Cu and anion adsorption/desorption and 
Cu and Cl - codeposition on Pt(lll)_s- the formation of the ordered adlayer 

electrodes depends critically on terrace occur at rather different timescales, 

width and step density [386]. Pioneering This conclusion is not accessible from 

time-resolved SXS experiments on the the analysis of just the electrochemical 

kinetics of phase transitions between current response! The reversed process. 
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Fig. 24 Cyclic voltammograms for UPD of Cu on Pt (1 1 1) in 0.05 M H 2 SO 4 + 1 mM NaCI, 0.05 M 
H 2 SO 4 + 0.1 mM NaBr, and 0.05 M H 2 SO 4 + 0.1 mM Nal (with permission by M. Holzle, 

Ref. [360]). The halide adlayer structures at intermediate Cu coverages between the deposition peaks 
/4i and B i, and the Cu coverage within the respective bilayers are also indicated. 
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Fig. 25 Potential step experiment of the transition between the commensurate 
Cu(l x 1) and the incommensurate CuCI UPD ad layer on Pt (111) in 0.1 M 
H 2 SO 4 + 1 .0 mM Cu 2+ : (a) potential perturbation, (b) current transients (the 
inset shows a magnified region of the entire transient) and (c) time dependence 
of the scattered X-ray intensity at (0.765, 0, 0.5), which represents a 
characteristic diffraction rod of the incommensurate CuCI bilayer (reprinted from 
Ref. [200], copyright 1998 by American Physical Society). 


the formation of the epitaxial (lxl) Cu 
adlayer from the incommensurate CuCI 
bilayer is reflected in the electrochemical 
and the SXS response as a single decaying 
function with the same time constant. 

Cu-UPD on Pt(lll) electrodes in the 
presence of bromide anions proceeds also 
in two steps: An incommensurate bromide 
adlayer transforms first into a CuBr-bilayer 


with Br“ arranged in an incommensurate 
hexagonal structure aligned along the (1,0) 
surface direction. At potentials negative 
of the second UPD peak, a pseudomor- 
phic Cu (1 x 1) structure covered by a 
disordered bromide layer is formed [365, 
402, 413]. The structural transitions of 
Cu-UPD in I _ -containing electrolyte are 
not yet fully understood [22]. 
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3. 3. 4. 2. 4 Underpotential Deposition of 
Lead on Ag(hkl) In comparison to Cu 
UPD (d = 2.560 A) on Au(hld) (d = 
2.885 A) or Pt(hkl) (d = 2.450 A), lead 
(d = 3.490 A) assumes a larger lattice 
constant than the substrate material 
Ag(hkl) (d = 2.885 A). 

The Pb-UPD on low-index silver 
single crystals has been studied 
extensively, employing electrochemical 
techniques [48-50, 130, 414-424] electro- 
reflectance [420], SHG [425], STM [2, 130, 
426-428], EXAFS and SXS [429-431], as 
well as ex situ UHV-methods such as LEED 
and AES [420, 432], 

Figure 26 shows typical cyclic voltam- 
mograms of Pb-UPD on Ag(lll) in three 
electrolytes containing perchlorate, ac- 
etate, or citrate ions [360, 422]. Three pairs 
of current peaks with a small, but distinct 
hysteresis between the negative and the 
positive potential scans developed in the 
presence of weakly specifically adsorbed 
perchlorate [48-50, 415-419, 421, 422], 
The electrosorption valency of lead, y, is 2, 
which indicates that the deposited metal is 
completely discharged and no cosorption 
with the anion takes place [417]. Com- 
parison of Ag(lll)-substrates prepared 
by chemical etching [415] with electrolyt- 
ically grown quasi-perfect electrodes [419] 
or with thermally annealed films [130, 424] 
indicates that the first and third pair of 
peaks represent processes on defect sites, 
while the middle peak is attributed to ter- 
race sites. Several authors proposed origi- 
nally, on the basis of electrochemical stud- 
ies, the ID decoration of monatomic steps 
followed subsequently by the 2D phase for- 
mation of lead on terraces [2, 48-50, 415, 
418]. The presence of more strongly ad- 
sorbing anions such as citrate, acetate [418, 
421-423], or halides [433] blocks the sur- 
face defect sites. The Pb-UPD of these 


systems is represented by just one char- 
acteristic pair of sharp current peaks, and 
the onset of metal deposition shifts to- 
wards more negative potentials according 
to the following sequence: I - < Br _ < 
cn < citrate < acetate < C10 4 “. 

Potential step experiments of the Pb ML 
formation in C10 4 “ and acetate electrolyte 
exhibit an initial fast decay due to double 
layer charging followed by a plateau re- 
gion and a subsequent accelerating decay 
to zero [130, 360, 421] (Fig. 26a). Initially, 
these transients were attributed to a homo- 
geneous Frumkin-type phase formation 
process, involving the discharge of lead 
and bulk diffusion as rate-determining 
steps [416]. Recent electrochemical and 
in situ STM experiments with high- 
quality stepped Ag(lll)-surfaces [2, 130] or 
thermally, in a hydrogen flame-annealed 
electrodes [360], indicate that the plateau 
region is most pronounced and does not 
represent a classical adsorption process. 
Instead, Lorenz and coworkers revised 
their original interpretation and described 
the formation transients of a Pb-UPD 
ML in C10 4 “ and acetate electrolyte with 
a model involving the lateral growth of 
a 2D condensed ML, which starts ex- 
clusively at monatomic steps [130, 336]. 
The current decay is critically dependent 
on step density and distribution. Forma- 
tion transients of Pb UPD adlayers in 
solution with more strongly adsorbing an- 
ions, which block step sites (cf. citrate 
in [48-50, 419, 421]) exhibit characteris- 
tic bell-shaped morphology, which was 
quantitatively modeled by instantaneous 
hole nucleation in combination with a 
2D growth process with constant [418, 
421] or decreasing rate [360], The criti- 
cal nuclei were thought to be created 
upon replacement of the prior, specif- 
ically adsorbed (citrate) anions by lead 
species [418]. 
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3 Specific Adsorption 




Fig. 27 (a) In situ STM line scan plot showing the step decoration by a 1 D Pb 

phase and the initial stage of 2D phase formation on a stepped Ag(l 11) substrate 
and (b) line scans of formation of a 2D Pb UPD phase near a terrace and a 
monatomic deep pit for Pb UPD on Ag(l 1 1) in 4 mM Pb(CIC> 4)2 + 0.01 M HCIO 4 
(by courtesy of E. Amman from Ref. [434]). 


Combined electrochemical and in situ 
STM experiments gave clear evidence 
for the stepwise formation of low- 
dimensional adlayer phases in the sys- 
tem Ag(lll)/Pb 2 +/Cl0 4 -, H+ [427, 434], 
Figure 27(a) shows a series of potential- 
dependent line scans representing the 
initial stage of Pb-UPD on Ag(lll). At 
potentials just past the first current peak 
in the voltammogram of Fig. 26, the dec- 
oration of monatomic steps occurs. The 
width of the decoration extends to about 
2 nm, which is in dynamic equilibrium 
with an expanded 2D Pb phase at the ter- 
race. The ID phase either dissolves upon 
returning the potential towards more posi- 
tive values, or grows further onto the lower 


terrace into a 2D-condensed lead phase at 
more negative potentials around the main 
current peak. The formation of the 2D 
Pb-ML represents a first-order phase tran- 
sition process, as reflected by the hysteresis 
between the peaks A 2 /D 2 in the voltammo- 
gram. The growth process is illustrated in 
Fig. 27(b). One may notice that a restricted 
region around the upper part of the step 
edge having a width of around 2 nm re- 
mains uncovered. Nucleation on the flat 
terrace (e.g. on nondefect sites) is delayed 
and starts only at more negative potentials 
corresponding to higher supersaturation. 
At potentials around the most negative 
voltammetric peak, the completion of the 
Pb-UPD phase on the upper terrace takes 
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place. The dissolution of the metal adlayer the UPD-range may cause surface alloy- 
proceeds in the reverse regime. ing [427]. 

The sequence of formation/dissolution The completed Pb UPD is metallic, and 
of the experimentally observed ID and 2D represents an incommensurate, hexagonal 
Pb-phases is in agreement with theoret- ML that is compressed compared with the 
ical predictions based on a Nernst-type bulk metal by 0.1-3. 2%, and rotated from 
equation [2]: the substrate (01 Indirection by ±4.5° [426, 

427, 429-431]. The rotation of the ad- 
0 R T ( «pb2+ \ layer with respect to the substrate lattice 

£pb,«D — ^pb,3D + z p k 1 y ap D J gives rise to a characteristic Moire pat- 

(43) tern as observed in several in situ STM 
with the dimensionality n, £p b 3D the studies [360, 426, 427] (Fig. 28). The in- 
formal potential of Pb in the bulk phase, teraction between solvent molecules and 
and flpb2+ the Pb activity in the elec- the Pb adatoms does not influence the 
trolyte. The activity of the condensed metal structure of the complete ML deposited 
phases shift towards lower values with de- in CIO4 - or acetate-containing electrolyte, 
creasing dimensionality due to stronger since the UPD phase is essentially iden- 
substrate- adsorbate interactions, and in tical to that of vapor-deposited Pb on 
consequence, the corresponding equilib- Ag(lll) at full coverage [420, 435]. The 
rium potentials are shifted in the positive monolayer compression in the vacuum 
direction [2]. Extended polarization within experiment (1-2%) is slightly less than for 



£pb/Pb2+ 


(a) (b) [mV] 

Fig. 28 (a) Atomic resolution STM image of a plot. The solid and dashed lines are linear 

Pb UPD ML in citrate-containing electrolyte at least-squares fits to the data for perchlorate and 

potentials past the main deposition peak A 2 acetate, respectively. These lines have slopes of 

(with permission by M. Holzle, Ref. [360]). 0.424 ± 0.01 A/V (perchlorate) and 

(b) Dependence of the Pb ML near-neighbor 0.420 ±0.01 A/V (acetate); their offsets are 

distance a n „ on the electrode potential £ for Pb 3.390 A (perchlorate) and 3.395 A (acetate). 

UPD on Ag(l 1 1). The near-neighbor spacing for (Reprinted from Ref. [431], copyright 1 995 by The 
bulk Pb is 3.501 A, well above the range of the American Chemical Society.) 
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Pb UPD, probably caused by the stronger 
Pb-Ag bonds compared to Pb-Pb [319], 
although the rotational angle </> is about 
the same. 

The equilibrium change of the ML 
Pb-Pb distance, flpb-pb with the applied 
electrode potential provides an estimate of 
the 2D compressibility of the lead ML 


K 2D 


fl Pb— PbV3 / 9flpb-pb 

ze 0 V 


(44) 


The experimental value /qd = (1-25± 
0.05) A 2 /eV is in qualitative agreement 
with the results of a simplified model based 
on a 2D free electron gas [334, 431]. 

The rotational epitaxy angle estimated 
by Toney and coworkers from in situ 
SXS investigations (4.5°) is only slightly 
smaller than the value predicted by the 
model of Novaco and McTague [71, 72]. 
The adlayer orientation with the lowest 
energy is not the high symmetry direction. 
Instead, the adlayer prefers to rotate to 
nonsymmetry directions, taking advantage 
of the lowest energy shear wave. 

A comparable discussion of Pb-UPD on 
the other low-index phases of silver is 
summarized in [2, 22]. 


3. 3. 4. 3 Phase Transitions in Organic 
Monolayers 

3. 3. 4. 3.1 General Aspects Organic mo- 
nolayers on well-defined metal substrates 
may be obtained in various ways. Typ- 
ical strategies are molecular beam epi- 
taxy (MBE) [436], so-called “self-assembled 
monolayers” (SAM) [437] or LB films 
(LB) [438, 439]. SAM’s are molecular as- 
semblies formed by the spontaneous in- 
teraction of a surfactant with a solid or 
liquid substrate. Examples are thiols on 
gold or silver [437, 440, 441] as well as alkyl- 
trichlorosilanes on oxide surfaces [442]. 


The order of these 2D systems is produced 
by a chemical reaction at the interface 
as the system approaches equilibrium. 
Unfortunately, they appear to contain a 
significant number of pinholes and other 
defects [443-445], Constrains exist also for 
monolayers based on the LB technique. 
These studies are limited to the choice of 
molecules with a very low solubility in the 
subphase [438, 439]. 

Alternatively, molecular and ionic mono- 
layers can also be obtained on conducting 
surfaces in an electrochemical environ- 
ment [3, 15, 16, 20, 143]. This approach 
offers the advantage that formation and 
properties of a wide variety of adlay- 
ers can be controlled as required by 
the applied electrode (substrate) poten- 
tial and subsequently characterized by 
structure-sensitive in situ techniques in 
real space and real time. For these 
reasons, potentiostatically or galvanos- 
tatically generated monolayers on well- 
defined metal electrodes have become 
attractive model systems and provide an 
important testing ground for fundamen- 
tal issues in 2D physics and chemistry, 
such as phase transitions in adlayers 
and substrates surfaces [3, 7, 15, 16, 20, 
143, 446]. Since the pioneering work 
of Frumkin [447, 448], many “equilib- 
rium” and “dynamic” adsorption stud- 
ies at metal -electrolyte interfaces have 
been performed with mercury [3, 15, 16, 
20, 449], gallium [18], and several amal- 
gams [19], or low-melting-point electrodes 
of sp-metals, such as Bi, Pb, Sn, or Zn, 
onto which organic molecules are usually 
weakly adsorbed [449, 450]. The potentio- 
static formation of 2D condensed mono- 
layers was first reported by Lorenz [451] 
and Vetterl [45] who found an unusual ca- 
pacitance versus potential hysteresis for 
saturated aqueous solutions of nanoic 
acid and the so-called “capacitance pits” 
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for various purine and pyrimidine bases, pyridine [460] and several derivatives of 
Since then, many other systems have uracil [469]. The phenomenological kinet- 
been reported and quantitatively analyzed, ics of film formation and dissolution, as 
Examples include carboxylic acids, cam- monitored by i-t, q M ~t, or C-t tran- 
phor and related compounds, purine and sients after single or multiple potential 
pyrimidine and their derivatives, pyridine step protocols, have been described by 
and bipyridines, quinolines, coumarin, models that involve (hole) nucleation and 
thiourea, tetraalkyl-ammonium salts, and growth mechanism [183, 219, 221, 466]. 
so on. The corresponding literature is re- The results of these “macroscopic” elec- 
viewed in [3, 15, 16, 20, 143], trochemical experiments are still scarcely 

Despite the rather detailed phenomeno- complemented by structural studies, such 
logical knowledge on the 2D phase as IR- or Raman Spectroscopies or the 
formation in adlayers, as obtained at use of UHV techniques after emersion 
the mercury-electrolyte interface, fur- of the electrode [454, 463, 472-476]. Re- 
ther progress has been hampered by markable progress in developing a “true” 
the lack of information on the struc- atomistic/molecular picture of potential - 
ture and molecular mechanisms of film induced 2D organic phase formation 
formation. New experimental and theoret- on adsorbate-modified single-crystal elec- 
ical perspectives became available when trodes was achieved by the application of 
single-crystal electrodes were employed in situ STM and AFM. Direct evidence 
as substrate materials. This step offers for the formation of 2D long-range or- 
the advantage to combine classical elec- dered structures on Au(lll) has been 
trochemical experiments with the power reported for several purine and pyrimi- 
of structure sensitive in situ techniques, dine bases [201, 219, 454, 463, 477-480], 
such as scanning probe microscopies phenol [481], pyridine [482, 483], 2,2'- 
(STM, AFM) [23, 452, 453], vibrational and 4,4' -bipyridine [484-490], phenan- 
spectroscopies (IRAS [454], SEIRAS [28], throline [491, 492], octylthiole [493], tetra- 
SFG [30],. . .), electroreflectance [455], and methyl-thiourea [494, 495], cysteine [496], 
surface plasmon microscopy [456], neu- mercaptopyridine [497], and benzenethi- 
tron and surface X-ray scattering [457, ole [498]. Tao and coworkers [484, 491] and 
458]. The formation of condensed organic Wandlowski and coworkers [201, 478, 479, 
films on solid electrodes was suggested 486, 487] have demonstrated that the dy- 
by Batrakov in 1974 for the adsorption namics of these phase formation processes 
of camphor on Zn(0001) [459]. Few other can be studied successfully as a function 
examples have been reported in the lit- of potential and temperature, even at a 
erature during the last decade, mostly nanoscale level. Itaya and coworkers have 
based on voltammetric and capacitance employed iodine-modified Au(lll)- and 
measurements: pyridine on Ag(210) [460], Ag(lll)-electrodes to image self-organized 
thymine on Cd(0001) [461], Au(100) [462], arrays of crystal violet, methyl- 
Au(l 11) [463], and Ag(hkl) [464], coumarin pyridinium-phenylendivinylene and por- 
on Au(lll) and Au(100)-(hex) [465], uri- phyrine derivatives [499-501]. The same 
dine on Au(hkl) [220, 466], uracil and group also reported 2D ordered struc- 
camphor on Au(hkl) and Ag(hkl) [183, tures of benzene, naphthalene, and an- 
193, 219, 221, 467-471]. Quantitative ther- thracene on Pt(lll), Rh(lll), and Cu(lll) 
modynamic studies were carried out for electrodes [502, 503]. These results are 
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complemented by a few structural stud- 
ies with physisorbed films of purine 
bases and porphyrine derivatives at the 
HOPG(0001)-aqueous electrolyte inter- 
face [210, 480, 504-508]. Commensurate 
2D ordered organic adlayers were also 
found on surfaces with quadratic sym- 
metry, such as uracil and 2,2'-bipyridine 
onAu(100)-(l x 1) [479, 487], and benzene 
and pyridine on Cu(100)[509]. 

Basic ordering principles of the above- 
mentioned monolayers appear to be (1) 
the ability to create strong and intermolec- 
ular hydrogen bonds between adjacent 
molecules [463, 479, 507], (2) packing con- 
strains, molecular geometry, and dipole 
forces [510], (3) ion pairing [511, 512], (4) 
the formation of interfacial stacks due to 7 r- 
electron attraction and London dispersion 
forces [453, 479, 484, 491], (5) hydrophobic 
interactions [513], as well as (6) substrate- 
adsorbate coordination chemistry [20, 463, 
493]. Complementary in situ STM studies 
with uracil and 2,2 / -bipyridine, potentio- 
statically deposited on hexagonal Au(lll) 
or quadratic Au(100)-(1 x 1) electrodes, 
demonstrate that the structure of the 
adsorbed monolayers, and in particular 
the registry between the adlayer and the 
substrate, is affected by the symmetry 
of the substrate (nature of the metal, 
crystallographic orientation), the adsor- 
bate-adsorbate interactions and the cor- 
rugations in the adsorbate -substrate in- 
teraction potential [478, 479, 486, 487]. 

The influence of the solvent on the 
formation and stability of 2D condensed 
organic phases is rather unexplored and 
controversial [3, 16]. Capacitance measure- 
ments of ordered 2-thiouracil films at 
mercury- acetonitrile interfaces showed 
that the addition of small amounts of 
water shifts the stability range and satu- 
ration capacitance of the solidlike organic 
phase [514]. While camphor and analogs 


exclude interfacial water, recent in situ 
SEIRAS studies on structural transitions 
of 4,4' -bipyridine on Au(lll) demonstrate 
that the ordered organic adlayer is sta- 
bilized by hydrogen-bonded coadsorbed 
water species [476]. 


3. 3. 4. 3. 2 Thermodynamic Aspects The 

adsorption of organic molecules on 
ideally polarizable electrode-electrolyte 
interfaces is based on the Gibbs equation, 
which relates, at constant temperature and 
pressure, the specific surface work y to the 
electrode potential E and the bulk activity 
(concentration) a,- of adsorbate i . 

8y = -q M dE -RTj2 r i dln “i ( 45 ) 


T; represents the surface excess of the 
component i, relative to a reference 
species, usually the solvent. Equation (45) 
is exact at liquid electrodes [515], and 
represents a first-order approximation 
for solid electrodes assuming that the 
elastic surface strain terms (de/dE)T, p , ai 
and (de/d\na)T, p ,E are negligible (cf. 
discussion in Ref. [516, 517]). The specific 
surface work (interfacial tension in case 
of liquid electrodes), charge density, and 
differential capacitance are related by 


= - (H V and (46 ' 




(47) 


The adsorption of neutral molecules at 
electrified interfaces is characterized by 
a smooth variation of y, q M , C and T; 
as a function of electrode potential or 
temperature (dotted and dashed curve in 
Fig. 29) [449, 518]. The relation between 
surface excess H (or coverage 0; = Ti/Fim 
with Ti m as the maximum surface excess 
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Fig. 29 Schematic representation of 
the adsorption in the absence 
(dotted-and-dashed line) and in the 

presence ( ) of two-dimensional 

phase transitions: interfacial tension y, 
differential capacitance C, charge 
density q M , and surface excess F as a 
function ofthe electrode potential E. 
The dashed lines represent the 
"adsorbate-free” base electrolyte. 


of i) and bulk activity a\ at constant 
temperature is expressed by adsorption 
isotherms, which enable the estimation of 
energetic parameters such as Gibbs energy 
of adsorption, AGa, or nearest-neighbor 
interaction energies, saa- 2D first-order 
phase transitions in the organic adlayer, 
such as disorder/order or reorientation 
processes, are represented by discontinu- 
ous changes of the interfacial properties 
(solid curves in Fig. 29) [3, 15, 16, 20, 
143]. Often one observes a distinct hys- 
teresis between the positive and negative 
going potential scans [519]. Exact values of 
the equilibrium transition potentials E c , 
which corresponds to the coexistence of 
the two phases (for instance liquidlike and 
solidlilce patches), can be obtained by dou- 
ble potential step experiments [143], 
Historically, Frumkin-type models, 
which represent the Helmholtz region 
by a network of two or three 
condensers [449, 520-523] and classical 
thermodynamics based on a mean-field 
treatment [524-526], were applied first to 
describe 2D phase transitions in organic 
adlayers at metal -electrolyte interfaces as 
a function of concentration, potential, and 
temperature (Sect. 3. 3. 2. 2). In the simplest 



case of one-state adsorption, the classical 
Frumkin isotherm 


Be = z = 


e 

i-e 


exp(— 2apd) 


(48) 


degenerates into a vertical discontinuity if 
the Frumkin lateral interaction coefficient 
up > 2 [449]. The latter is related to the av- 
erage nearest-neighbor interaction energy 
as follows 


e AA — 


RT r/p 
2 


(49) 


The derivation of ap is based on the 
Bragg-Williams (BWA) or MFA assuming 
(1) the homogeneous (statistical) distri- 
bution of molecules among energetically 
uniform sites, and (2) neglecting local fluc- 
tuations and correlations [74-76]. Retter 
pointed out that a more realistic isotherm 
treatment of 2D condensation in or- 
ganic adlayers requires the consideration 
of localized adsorption and short-range 
(nearest-neighbor interactions) [527]. This 
improvement was achieved by introduc- 
ing LG Ms with a square symmetry, such 
as the two-state Ising model [528-531], 
Each state of the lattice is assumed to be 
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vacant or occupied. Below a critical tem- 
perature T c , the 2D lattice gas can split 
into two phases, a gaseous phase and 
a condensed phase. The corresponding 
first-order equilibrium phase transition in- 
volves a latent heat [528]. Two advanced 
approximations of lattice gas isotherms 
have been applied to describe 2D con- 
densation in organic adlayers: The QCA 
considers nearest-neighbor site pairs, but 
treats them (still unrealistically) as inde- 
pendent of each other [60, 73]: 


In (Be) = In j 

VO 8- 1 + 20 )( 1 - 0)\ 2 6 

“V 06 + 1 - 29)0 ) 1-9 

(50) 

P = [l - 49(1 - 9) 

*('-**mr <«> 


The LTSE [529] considers equilibrium 
adsorbate clusters (up to 15 monomers) as 
well as various configurations of a cluster 
with constant size indicating that the 
lattice geometry is taken into account. The 
corresponding isotherm of the condensed 


phase for the square lattice is given by 

-3(fa»-16^ + 2L) z -’... 

(52) 

with z = Be and * = exp(— olte/4). Equa- 
tion (52) represents a truncated series 
expansion, which is obtained with the 
assumption that contributions of clusters 
larger than trimers can be neglected. 

Figure 30 compares the adsorption 
isotherms (a, +ln( ,8c)) versus 9, i = F, 
QCA, LTSE, and the temperature depen- 
dence of 9 in the vicinity of the phase 
transition for the above three approxima- 
tions and the exact LGM. According to 
the LGM, a first-order phase transition 
takes place at (ciq + ln( 8c)) = 0 and at 
temperatures lower than T c [60, 528, 532]. 
The degree of coverage of the condensed 
phase at the equilibrium phase transition 
depends on ciq, the lattice gas pair interac- 
tion coefficient, as follows: 

/ /flG\\- 4 l 1/8 

0 = 0.5 + 0.5 [l-sinh^JJ 

(53) 



-2-10 1 a, + In(Bc) 0 0.5 1.0 

(a) (b) 

Fig. 30 (a) Coverage of the condensed phase as a function of the activity term (a, + In(Bc)) and 

(b) temperature dependence (T c /T cr jt) of the coverage of the condensed phase, 6 , for the following 
models: (1) BWA or MFA (Frumkin isotherm), (2) QCA, (3) LTSE, and (4) LGM. (Reprinted from 
Ref. [528], Copyright 1987 by Elsevier Science Ltd.) 
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with ciq = —2sAA/kT, saa as the lateral 
interaction energy. The square lattice gas 
predicts the following critical values of 
9 and ciq at T = T c : 6 C = 0.5 and «gc = 
3.52549 [528], Kharkats and coworkers ex- 
amined critical parameters and phase dia- 
grams of other 2D lattice geometries [533, 
534], 

The degree of coverage of the condensed 
phase can be determined experimentally 
at constant potential from the saturation 
capacity C s , the capacity of the noncon- 
densed phase C 0 , and the capacity of the 
film C according to [529, 535] 


9 = 


c 0 -c 


Co — Cs 


(54) 


The potential dependence of 8 at constant 
concentration results from combining the 
respective adsorption isotherms (48), (50) 
or (52) with the potential dependence of 
the adsorption coefficient B of neutral 
organic molecules at metal -aqueous 
electrolyte interfaces, which is defined 
as [449, 529] 


B = B m exp(-a(E - E m ) 2 ) (55) 

i " = (^) exp (lfF) 1561 


Co — Cs 

a = 

2R7T m 


(57) 


with E m , B m , AG a representing the elec- 
trode potential at maximum adsorption, 
the adsorption coefficient at E = E m , and 
the Gibbs energy of adsorption. 

Equations (54) -(57) and the correspond- 
ing isotherms (48), (50) or (52) predict 
two linear dependencies: (1) (E c — E m ) 
versus T c at constant adsorbate concen- 
tration, and (2) 1/T C versus In i at E = E m 
with T cr it referring to the maximum con- 
densation temperature T c . Furthermore, 
they permit to model the capacity ver- 
sus potential dependence in the region 


of 2D condensation [527-530]. Figure 31 
illustrates experimental and theoretical 
C-E and 9—T phase diagrams for 3 mM 
iodocytosine/0.5 M KCl at various tem- 
peratures [527]. The isotherm, based on 
the low-temperature series expansion rep- 
resents the best fit of the experimen- 
tal data. The analysis of this system 
also demonstrates that the Frumkin ad- 
sorption model (MFA) is not appropri- 
ate to model the phase diagram. These 
conclusions are supported by related 
studies with camphor-10-sulfonate [536], 
adenine [537], uracil [538], borneol, and 
3-hydroxyadamantane [539] adsorbed on 
mercury electrodes as well as uracil deriva- 
tives on Ag(lll) and Au(lll) [469]. All 
studies reported nearest-neighbor inter- 
action energies at the respective critical 
temperatures ranging between —4.0 and 
—6.0 kj mol -1 . 

3. 3. 4. 3. 3 Kinetic Aspects The kinetics of 
2D phase formation and dissolution of or- 
ganic adlayers were mostly studied by i-t, 
q M -t or C-t single or multiple potential 
step experiments, and analyzed on the ba- 
sis of macroscopic models according to 
strategies described in Chapter 3.3.3. Only 
rather recently, modern in situ techniques 
such as STM [20, 201, 453, 478, 479, 484, 
487, 488] and time-resolved infrared spec- 
troscopy (SEIRAS) [475, 476] were applied 
to study structural aspects of these phase 
transitions at a molecular or atomistic 
level. 

3. 3. 4. 3. 4 Case Study l-Coumarin at 
the Mercury-Aqueous Electrolyte Interface 

The adsorption behavior of coumarin (2H- 
l-benzopyran-2-one) at the mercury-elec- 
trolyte interfaces was investigated by 
electrocapillary, capacitance, and tran- 
sient experiments [162-164, 540-543]. 
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Fig. 31 (a) Capacitance-potential dependence for the system 3 mM 

5-iodocytosine in 0.5 M KCI (Me llvaine buffer, pH 7) at a mercury electrode at 
different temperatures: (1) 298 K, (2) 308 K, (3) 315 K, and (4) 319 K. The bold 
solid lines show the theoretical curves according to Eq. (52) calculated by 
nonlinear regression for the square Ising lattice (reprinted from Ref. [536], 
copyright 1 993 by Elsevier Science Ltd.), (b) Temperature dependence of the 
condensation degree of coverage 6 for 3 mM (o) and 1 5 mM (+) 5-iodocytosine in 

0.5 M KCI (Mclllvaine buffer, pH 7) at a mercury electrode. ( ) theoretical 

curve according to the Frumkin or MFA adsorption model; ( ) theoretical 

curve according to the LGM (Eq. 53). (Reprinted from Ref. [527] and [529], 

Copyright 1984 and 1993 by Elsevier Science Ltd.) 

Figure 32 shows a typical capacitance ver- with the coumarin molecule slightly 

sus potential curve of 5 mM coumarin inclined with respect to the interface 

in 0.5 M NaF at a HMDE. Three dif- and F m i = 3.1 10 -10 mol cm -2 [163]. The 

ferent potential regions exist. Region capacitance decreases at more negative 

I is interpreted as planar orientation potentials, and corresponds in region 
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[V] 

Fig. 32 Interfacial capacitance of mercury in contact with 
aqueous 0.5 M NaF in the absence and in the presence of 
5 mM coumarin, temperature 5 °C, scan rate 5 mV s' -1 . The 
scan directions are indicated by arrows in the figure. The open 
circles show the initial capacitance Q observed immediately 
after stepping the potential from region I into region III. 
(Reprinted from Ref. [164], copyright 1994 by Bulgarian 
Chemical Society.) 


II to r m n = 6.1 10 -10 mol cm -2 with 
coumarin molecules aligned with the 
C(5) and C(6) carbon atoms towards 
the electrode surface [162]. At sufficiently 
high adsorbate concentrations a 2D con- 
densed film is formed in region III, 
giving rise to a characteristic capacitance 
pit with a pronounced hysteresis at both 
edges [162-164]. Thomas and cowork- 
ers proposed a perpendicular orientation 
with coumarin carbons C(6) and C(7) 
pointed towards the electrode and T m ni = 
8.4 10 -10 mol cm -2 . The pit width de- 
creases linearly with increasing tempera- 
ture according to (E + — E-) 2 versus T, 
and a critical temperature 7 , cr i t = 28°C 
could be estimated at coumarin saturation 
concentration [162]. 

Single potential steps I —*■ III towards 
the center of the capacitance pit 
(£f < —0.560 V) yielded deterministic 
sigmoid-shape transients, which could 


be quantitatively described by progressive 
nucleation with 2D growth as rate limiting 
process, for example, m = 3 in the general 
Avrami-formalism as expressed by Eq. 35 
(Fig. 33a). At smaller overvoltages with 
final potentials ranging between —0.530 V 
and —0.555 V, stochastic behavior is 
encountered. All capacitance transients 
exhibit the same values for C; and Cf, 
but there is stochasticity in the onset 
of each transient as well as in its 
shape (Fig. 33b). The observed differences 
between the individual transients are 
indicative of multiple nucleation, and 
represent the domain of oligonucleation. 
By selecting Ef to be larger than —0.530 V, 
mononucleation events occur. Nucleation 
is so slow that there is negligible chance 
for a second nucleation during the 
time necessary for the first nucleus to 
form a complete film on the hanging 
mercury drop (Fig. 33c). For an isotropic 
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can be represented by Eq. (30). The coverage was obtained with Eq. (35). (Reprinted from Ref. [164], copyright 1994 by Bulgarian Chemical Society.) 
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sphere, the growth of the compact film, 
once it has been nucleated, is given 
by [544] 

29 = 1 — cos(t>g (t — t 0 )/r ) (58) 

where t> g is the linear growth velocity, 
t 0 the moment of nucleation, and r the 
radius of the mercury droplet, 6 is obtained 
from Eq. (36). The potential dependence of 
the growth rate is plotted in Fig. 33(d) for 
three different drop sizes. The nucleation 
rate was obtained for each potential by 
analyzing a series of 550 mononucleation 
transients. Extrapolating the growth curves 
to t 0 , and sorting in bins, provides the 
probability P a that nucleation has not 
yet occurred in a given time interval At 
(cf. Sect. 3. 3. 3. 2. 3). Representing — In Zb 
as a function of time then produces 
a plot from which both, the induction 
time and the steady state nucleation rate 
is obtained [163, 164, 545]. The latter is 
plotted in Fig. 33(d). The experiments 
were carefully designed to ensure that 
only a small fraction of the observed 
nucleation appears to originate at the 
lumen of the capillary (e.g. at defect 
sites!) [164]. 

The dissolution transients of the con- 
densed coumarin film III depend strongly 
on the applied potential step regime, 
and show strong aging effects, which 
were attributed to the healing of domain 
boundaries. The corresponding “grain- 
boundary” dissolution model as developed 
recently by Poelman and coworkers [546] 
is applicable (cf. Fig. 6 ) 

The formation of condensed coumarin 
monolayers was also reported on Au(lll)- 
(1 x 1) and Au(100)-(hex) [465], 

3. 3. 4. 3. 5 Case Study II - Uracil on Au(hkl) 

Since the pioneering work of Vetterl [45], 
who reported for the first time so-called 


capacitance pits, thermodynamic and ki- 
netic aspects of the phase formation 
of uracil and its derivatives have been 
studied comprehensively at the mer- 
cury-electrolyte interface (cf. reviews in [3, 
15]). In 1995, Holzle and coworkers [219] 
presented convincing evidence that 2D 
condensation of uracil is also observed 
on low-index gold single-crystal electrodes. 
On the basis of voltammetric, capacitance 
and transient experiments [183, 219-221, 
461, 464, 462, 467, 547] and their combina- 
tion with structure-sensitive methods such 
as in situ STM [454, 478-480], vibrational 
spectroscopy [454, 473, 475,], SXS [458], 
and UHV-based characterization strate- 
gies [463], a rather comprehensive un- 
derstanding of the interfacial properties 
of uracil and several of its derivatives 
on Au(hkl), Ag(hkl), and Cd(0001) has 
emerged. 

Figure 34 shows a typical cyclic voltam- 
mogram for 12 mM Uracil in 0.05 M 
H 2 SO 4 . The first voltammetric scan, as 
obtained with a flame-annealed, thermally 
reconstructed Au(lll)-(p x ^3) electrode 
after immersion at —0.100 V, is indicated 
as dashed line. The solid line repre- 
sents the steady state voltammogram, 
recorded after five complete potential cy- 
cles [478]. The phenomenological analysis 
of these electrochemical data yields the 
existence of four distinct interfacial re- 
gions labeled I to IV in Fig. 34 [20]: 
In region I the molecules are ran- 
domly (gaseous-like) adsorbed on the 
electrode until complete desorption oc- 
curs at sufficiently negative potentials. 
The formation of a 2D condensed phy- 
sisorbed uracil film at more positive 
potentials is indicated by typical current 
spikes Pi/P[ and P 2 IP ' 2 , which limit 
the pit region II. A marked hystere- 
sis is observed at both pit edges when 
changing the direction of the potential 
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Fig. 34 Cyclic voltammograms for Au(l 1 1)/0.05 M H 2 SO 4 in the presence of 12 mM 
uracil, scan rate 10 mV s -1 . The first scan as obtained with a flame-annealed, 
reconstructed electrode after immersion at —0.10 V is plotted as dashed line. The 
steady state voltammogram is shown as solid curve. The stability regions of the various 
adlayer phases are labelled I to IV, and they are illustrated with typical in situ STM 
images: (a) thermally reconstructed Au(lll)-(p x -y/3) surface, (b) physisorbed uracil 
film, (c) unreconstructed Au (1 1 1 )- (1 x 1) surface in the presence of the chemisorbed 
uracil film, (d) as obtained after scanning the electrode potential from II — > IV, 

(e) island-free area of a potential-induced reconstructed Au(lll)-(p x ^/3) electrode. 
(Reprinted from [478], copyright 1997, American Chemical Society.) 


scan. The stability range of II increases 
with decreasing temperature. The respec- 
tive critical temperatures assumes the 
following substrate sequence [469, 470] 


Hg < Ag(lll) < Ag(100) < Au(lll) 
-(p x V3) < Au(100) — (1 x 1) 

- Au(100)-(hex) (59) 
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The chronocoulometrically determined 
surface excess F m u = 4.2 10 -10 mol cm -2 
(A = 0.40 nm 2 ) and the small neg- 
ative shift of Zipzc are consistent 
with a planar surface orientation 
of the molecules [469]. Comparative 
electrochemical [469], spectroscopic [475, 
454], and in situ STM experiments [478, 
479] on quasi-ideal Au(lll) and Au(100) 
electrodes indeed revealed the existence 
of a highly ordered monolayer of uracil 
molecules interconnected via a network of 
directional hydrogen bonds, similar to that 
in the 3D solid. A typical high-resolution 
STM image and the proposed packing 
model with the high-order coincidence 
mesh are plotted in Fig. 35. One may 
notice that the same long-range order 
is found on hexagonal, densely packed 
(111) as well as on the more open, 
quadratic (100) substrate surfaces, which 
point to the structure-determining role 
of lateral molecular interactions, and 
to less important specific contributions 
of the substrate surface [478, 479]. Sys- 
tematic studies with stepped electrodes 
Au(n, n, n-2) = Au((n(lll)-(110)) having 


(111) terraces and monatomic (110)- 
oriented steps revealed that no 2D 
condensation occurs at miscut an- 
gles >4° because of limited terrace 
size [475]. 

Single and multiple potential step ex- 
periments demonstrated that the macroki- 
netics of the formation of the phy- 
sisorbed uracil film represents a first-order 
phase transition and follows the expo- 
nential law of nucleation (cf. Eq. (34)) 
in combination with surface diffusion- 
controlled growth [183]. In situ STM [20, 
478, 479] and time-resolved SEIRAS stud- 
ies [475] suggest that these processes are 
strongly related to the formation/breaking 
of uracil-water and water-water hy- 
drogen bonds within the Helmholtz 
region. 

The physisorbed uracil films II changes 
upon passing the sharp current peak P 2 
towards positive potentials due to the 
break-off of the hydrogen-bonded network 
accompanied by a partial charge transfer 
process, which is strongly dependent on 
the solution pH and consumes up to 
60 |iC cm -2 [219, 466, 469, 475, 478]. 



Fig. 35 Unfiltered in situ STM images of the physisorbed uracil film on 
Au(l 1 l)-(p x ,/3) /0.05 M H 2 SO 4 + 3 mM uracil: (a) high-resolution image 
at E = —0.05 V, i't = 2 nA, vy = +0.01 V. The primitive unit cell is indicated; 
(b) proposed packing model. (Reprinted from [478], copyright 1997, 
American Chemical Society.) 
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At sufficiently positive potentials, in 
region IV, uracil forms on low- and higher- 
index Au(hkl) a chemisorbed, highly or- 
dered adlayer, which (1) occurs rather 
independent of the adsorbate concentra- 
tion, (2) is stable at temperatures as 
high as 100 °C, and (3) inhibits the on- 
set of gold oxidation. This process is 
accompanied by the lifting of the sub- 
strate surface reconstruction, and gives 
rise to monatomic high gold islands as 
shown in Fig. 34(c). In situ STM exper- 
iments revealed on Au(lll) a hexagonal 


densely packed arrangement of molecules 
giving rise to a commensurate (^3 x 3) 
unit cell, which contains two mole- 
cules (r m iv(lll) = 7.9 10 -10 mol cm -2 , 
Aiv(lll) = 0.21 nm 2 ). On Au(100)-(1 x 
1) electrodes, a regular sticklike pat- 
tern was obtained in region IV after 
equilibration. Each stick consists of four 
uracil molecules (F m iv(100) = 7.2 10“ 10 
mol cm -2 , Aiv(lll) = 0.23 nm 2 ) (Fig. 36). 
The steady state structures of the chemis- 
orbed phase IV are determined by the 
competitive interplay of (1) short-range, 



Fig. 36 High-resolution STM images and packing models of chemisorbed uracil 
on Au(l 1 1 )- (1 x 1) (a); E = 0.60 V, i T = 2 nA, n = -0.65 V and 
Au(100)-(1 x 1) (b); E = 0.60 V, i' T = 1.8 nA, v T = -0.52 V in 0.05 M H 2 S0 4 . 
Characteristic dimensions of the adsorbate mesh and the respective elementary 
cells are indicated in the experimental images and in the proposed packing 
models depicted in (c) and (d), respectively. 
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attractive 7r -stacking between adjacent 
uracil molecules, and (2) substrate-adsor- 
bate coordination [478, 479]. The analysis 
of the STM-contrast pattern, in com- 
bination with electrochemical and IR 
spectroscopic experiments of uracil and 
several of its N(l) and/or N(3)-substituted 
methylderivatives demonstrates that the 
chemisorbed phase IV corresponds to per- 
pendicularly oriented molecules coordi- 
nated with the positively charged electrode 
surface via the N(3) nitrogen and both 
C(2)=0, C(4)=0 oxygen’s [469, 478, 479, 
454], 

The dissolution kinetics of the 
chemisorbed uracil phase IV on Au(lll) 
(towards III and II) was studied 
by potential step measurements. The 
i-t transients could be modeled 
by the exponential law [475] or 
instantaneous [221] hole nucleation in 
combination with surface diffusion- 
controlled growth. The corresponding two 
rate constants vary systematically with the 
defect density (1) of the chemisorbed layer 
(domain size, local disorder) and (2) of 
the substrate surface (step orientation and 
distribution, terrace size) [3, 221, 475]. 
Increasing defect density decreases the 
half transition time of the “dissolution” 
process, and the corresponding transients 
finally approach the instantaneous limit 
of hole nucleation. The STM experiments 
suggest that the critical hole nuclei are 
most probably represented by domain or 
point defect sites [478, 479]. Simultaneous 
electrochemical i-t and time-resolved 
ATR-SEIRAS experiments in the rapid 
scan or the step-scan regime (Fig. 37) [475] 
with quasi Au(lll) demonstrate that the 
dissolution of the chemisorbed uracil 
film is associated with an orientational 
change of uracil from perpendicular 
to planar. Monitoring the integrated 
intensity of a characteristic uracil vibration 


(uc 4 =o) with a time resolution of 
200 ps reveals that the spectroscopic 
transient response is systematically 
longer than the corresponding current 
response of the same potential step. 
Both approaches indicate a dissolution 
mechanism controlled by hole nucleation 
and diffusion-controlled growth, but 
reflect complementary properties of 
the phase transition [475]. Time-resolved 
SEIRA spectroscopy at electrochemical 
interfaces currently starts to develop as 
a powerful approach to unravel the 
atomistic/molecular level details of these 
complex interfacial processes, such as 
2D phase transitions, at solid-liquid 
interfaces. 

The brief description of uracil adlay- 
ers on Au(hkl) also demonstrates that the 
understanding of 2D phase transition pro- 
cesses on defined solid electrodes, such as 
single-crystalline substrates, requires the 
simultaneous consideration of interfacial 
processes associated with the adlayer as 
well as with the substrate surface. 

3. 3. 4. 3. 6 Case Study III - 2,2'-Bipyridine 
(2,2'-BP) on Au(hkl) 2,2 , -bipyridine is a 
bidentate ligand used in coordination 
chemistry and a typical representative 
of aromatic, nitrogen-containing hetero- 
cycles, which act as basic building blocks 
in highly specific and functionalized host 
lattices at defined surfaces [548, 549]. Two 
planar pyridine rings are connected via a 
C— C bond with 10% double-bond charac- 
ter [550]. Electrochemical studies revealed 
that n, n'-bipyridine [551-553] and several 
of its Co 2+ and Ni 2+ complexes [554] 
form 2D condensed films at the atom- 
ically smooth mercury -electrolyte inter- 
face. The adsorption of 2,2'-bipyridine 
on solid electrodes, such as Ag(poly), 
Au(hkl), and Cu(lll) was studied by 
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Fig. 37 Time-resolved SEIRAS-ATR 
experiment for the dissolution of the 
chemisorbed uracil monolayer on 
quasi-Au(l 1 1) thin-film electrodes in 
0.1 M H 2 SO 4 + 12 mM uracil. The 
potential was stepped from £1 = 0.60 V 
120 (tn = 30 s) to £2 = 0.20 V. (a) original 
set of time-resolved SEIRAS spectra 
(step-scan technique) with 
characteristic uracil vibrations in the 
C=0 stretching region (For clarity, the 
"loss” spectra are plotted with an 
inverted sign !) (b) Time dependence of 
the integrated intensity of the uracil 
vibration Uc4=o(1590 cm" 1 ). The solid 
lines represent fits to an Avrami-type 
equation (cf. Eq. (35)) with m = 1.12. 

(c) Corresponding current transient. 

The Avrami-exponent m = 1 .48 points 
to nucleation according to an 
exponential law coupled with surface 
diffusion-controlled growth (Eq. (34) 
and Eq. (35), solid line). The 
experimental results in panels (b) and 
(c) indicate that the spectroscopic and 
the electrochemical transients probe 
different interfacial properties ofthe 
dissolution process and illustrate the 
complementary information of both 
approaches (reproduced from 
Ref. [475]). 


t 

[ms] 


Raman scattering [555], chronocoulome- 
try, and SHG [556], SXS [458], FTIR [557], 
SEIRAS [489], and in situ STM [484, 
486-489], Lipkowski and coworkers [556] 
found, on the basis of electrochemical data, 
that 2,2 , -bipyridine exhibits multistate 
adsorption on Au(lll). Structural details 
of this complex phase behavior were 
resolved by in situ STM (Fig. 38) and 
SEIRAS. 

2,2'-BP was dissolved in aqueous 
electrolyte and potentio statically deposited 
onto the unreconstructed Au(lll)-(1 x 1) 


electrode. Molecular stacks are formed via 
the coordination of the two ring nitrogen 
atoms with the positively charged gold 
electrode in region I (Fig. 38a, b). The 
distance between adjacent rows amounts 
to (0.96 ± 0.5) nm, the intermolecular 
distance is (0.38 ± 0.2) nm, and the 
molecules are tilted from the normal 
to the axis of the chain by an 
angle a = (28 ± 2)° [484, 486, 488], The 
simultaneous imaging of the hexagonal 
substrate surface and of the organic adlayer 
pattern pointed to a commensurate (4 x 
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(c) 100 nm (b) 70 nm 


Fig. 38 Cyclic current versus potential curves for Au(l 1 1)/0.05 M H 2 SO 4 in the absence 
(dotted curve) and in the presence (full line) of 3 mM 2,2'-bipyridine, scan rate 10 mV s _1 . 
(a) Unfiltered high-resolution image of the 2,2'-BP stacking structure at £ = 0.50 V, 
ij = 2 nA, vj = 10 mV. The suggested commensurate unit cell is indicated, (b) Large 
domain of the anodic stacking phase I, (c) monatomic high gold “structure” decorating a 
step of the Au(l 1 1) -surface after a single potential scan (10 mV s _1 ) from 0.50 V to 
—0.05 V (negatively charged electrode), (d, e) large scale and high-resolution image of the 
cathodic 2, 2'-BPH + -stacking layer II on Au(l 1 l)-(p x ^/3) at —0.20 V. (Reprinted from 
Ref. [486], copyright 1998 by Elsevier Science Ltd.) 


2^3) unit cell, which contains three 
molecules, for example, A\ « 0.38 nm 2 . 
The nitrogen atoms coordinate with 
the substrate surface in twofold bridge 


positions [486]. The structure-determining 
role of the substrate crystallography onto 
the 2,2'-BP stacking pattern is supported 
by experiments with the quadratic 
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Au(100)-(1 x 1) surface. Dretschkow and 
coworkers reported kinked stacking 
rows due to the misfit between high- 
order substrate coordination sites, and 
the potential molecular coordination 
sites [487]. 

After application of a single potential 
step/scan towards negative potentials, the 
ordered 2,2'-BP adlayer dissolves, and the 
entire substrate surface appears very mo- 
bile. Fractal, monatomic high gold features 
grow at step edges (Fig. 38c), their surface 


is immediately reconstructed (Fig. 38d), 
and soon after, a new STM-contrast 
pattern develops at negative charge den- 
sities in region II (Fig. 38e), which is 
composed of parallel molecular stacking 
rows with alternating molecular tilt an- 
gels of +23° or —16° between adjacent 
rows. SEIRAS-experiments indicate a tor- 
sional or inclined orientation of the two 
ring nitrogen atoms with respect to the 
electrode surface [486, 489]. Both highly 
ordered 2,2'-BP adlayers, in regions I and 


35 nm x 35 nm 



(c) (d) 

Fig. 39 Sequence of STM images for 3 mM 2,2'-BP on Au(l 1 1)/0.05 M H 2 SO 4 
after a single potential scan (10 mV s" 1 ) from 0.50 V to 0.24 V (potential-induced 
dissolution of I): (a) E = 0.50 V, (b) E = 0.24 V, t = 3 min, (c) E = 0.1 7 V, 
t = 4.5 min, (d) E = 0.1 7 V, t = 8.0 min; ij = 2 nA. (Reprinted from Ref. [486], 
copyright 1 998 by Elsevier Science Ltd.) 
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II, have been observed in sulfate- and 
in perchlorate-containing neutral or acidic 
electrolytes [484, 486-489], 

Details of the dynamics of the 
rather slow potential and/or temperature- 
induced structural transitions could be 
monitored by in situ STM in real space and 
time [486]: The first example starts with a 
highly ordered 2,2'-BP stacking layer I, 
equilibrated at £; = 0.500 V on Au(lll)- 
(1 x 1) (Fig. 39a), and then the potential 
was scanned slowly towards negative 
values. The range was restricted ensuring 
that the gold electrode still bears a positive 
charge. At E = 0.240 V the first point 
dislocations occur (Fig. 39b). The active 
centers are formed not only on defects of 
the adsorbate or substrate lattices, such 
as point defects or domain boundaries, 
steps or kinlc positions. They are 
distributed evenly across entire terraces. 
The nucleated holes grow anisotropically 
with time and more negative electrode 
potentials until the ordered adlayer is 
dissolved completely. Growth proceeds 
preferentially along the directions of the 
commensurate molecular stacking rows. 
During this transition one can identify two 
phases clearly, solidlike patches exhibiting 
characteristic long-range order of 2,2'- 
BP in region I, and a fluid medium 
disordered on the atomic scale (Fig. 39b). 
The observed order/disorder transition is 
first order [486]. 

The above interpretation is supported by 
experiments on the temperature-induced 
dissolution of the ordered 2,2'-BP phase 
I [486]. The system was stabilized at Zq = 
0.200 V and T = 29.7 °C (Fig. 40a), and 
then the temperature was slowly ramped 
with 0.02 °C min -1 . Firstly, point and line 
dislocations (“one-dimensional holes”) ap- 
pear (Fig. 40b). They grow anisotropi- 
cally by successive stripping of molecular 
stacks, fast along the directions of the 


stacking rows, and rather slow perpen- 
dicular to it. Positional and directional 
fluctuations within the ordered and the dis- 
ordered phases appear. Under the shown 
experimental conditions the ordered 2,2'- 
BP stacking layer dissolved completely at 
33.60 °C (Fig. 40d). Closer inspection of 
the disordered regions reveals a granular 
structure on a length scale exceeding the 
pixel resolution of the image in the x-y 
direction. This means that a noticeable 
part of the modulation in the disordered 
area is not a time effect caused by the fast 
motion of adsorbed species, but rather re- 
flects, at least in part, the static positions of 
particles in the disordered phase. This sug- 
gests the existence of adsorbate-substrate 
coordination complexes. Similar observa- 
tions were reported for the 2D fluid-solid 
equilibrium of cesium and oxygen coad- 
sorbed on Ru(0001) under UHV condi- 
tions [558]. 

In the present case, the adsorbed species 
“feel” the effect of the substrate corru- 
gation potential. This situation is differ- 
ent from purely 2D system, like gua- 
nine or adenine on HOPG [210] or the 
physisorbed films of uracil or thymine on 
Au(hkl) [219, 478, 479], where the adsor- 
bate-substrate interactions are very weak. 
There, the respective phase transitions are 
governed entirely by the applied electri- 
cal field and directional, lateral attrac- 
tive interactions via hydrogen bonds [20, 
453], 

The potential and/or temperature con- 
trolled dissolution of the above order/ 
disorder transition is completely reversible 
in sulfuric acid solution. A representa- 
tive time sequence, after application of 
a potential scan from Zq = 0.100 V to 
Ef = 0.500 V, is plotted in Fig. 41. Within 
a few seconds at Zq- the 2,2'-BP molecules 
start to order. No preferential nucleation 
sites, which might correlate with defect 
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40 nm x 40 nm 



(C) (d) 


Fig. 40 Temperature-induced dissolution of the 2,2'-BP stacking phase I for 
3mM 2,2'-BP in 0.05 M H 2 SC> 4 /Au(l 1 1). (a) The system was equilibrated at 
£ = 0.20 V and 29.7 °C for 20 min. Then the temperature was ramped with 
0.02 °C mirT 1 , (b) 33.14°C, (c) 33.51 °C, (d) 33.60°C. All images were 
obtained in constant current mode (ij = 0.25 nA) at the same surface area. 
(Reprinted from Ref. [486], copyright 1998 by Elsevier Science Ltd.) 


structures of the substrate surface, were 
found. First stacks are formed; their direc- 
tions correlate but exhibit a “missing row” 
arrangement (Fig. 41b). With increasing 
observation time this metastable phase is 
displaced by a densely packed stacking do- 
main (Fig. 41c) with dimensions typical 
for phase I. The latter grows anisotropi- 
cally in two directions: (1) parallel along 
the main stacking direction. Individual 
molecules and small stacks are still in 
search of energetically favorable adlattice 


positions at the end of the growing front. 
(2) The second growth mechanism pro- 
ceeds via incorporation of entire molecular 
rows perpendicular to the main stack di- 
rection. The growth and the existence of 
other metastable structures are strongly 
influenced by the nature of the support- 
ing electrolyte anions [20, 484, 486, 488, 
489]. Defects within the adlayer change 
their shape or heal with increasing ob- 
servation time. The detailed mechanism 
most probably involves place exchange 


3.3 Phase Transitions in Two-dimensional Adlayers at Electrode Surfaces 453 



(e) (f) 

Fig. 41 Potential-induced formation ofthe 2,2'-BP stacking structure I on 
Au (111) after a potential scan from region II (10 mV s^ 1 ): (a) E, = 0.10 V to 
E f = 0.50 V, (b) E = 0.50 V, t = 1 min, (c) E = 0.50 V, t = 5 min, 

(d) E = 0.50 V, t = 8 min, (e) E = 0.50 V, t = 1 1 min, (f) E = 0.50 V, 
t = 42 min; ij = 2 nA. Solution composition 3 mM 2,2'-BP/0.05 M H2SO4. 
(Reprinted from Ref. [486], copyright 1998 by Elsevier Science Ltd.) 
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processes and surface diffusion of 2 , 2 ! -BP- 
gold complexes. A similar mechanism is 
proposed for the “aging” of SAMs formed 
by allcanthioles on gold surfaces [559]. 

At the end of this chapter it is remarked 
that the described structural details of the 
above-mentioned phase transitions are not 
accessible by macroscopic electrochemical 
approaches, such as measurements of the 
interfacial capacitance or charging current, 
but can be attributed to the often observed 
short or long-time transient responses. 

3.3.5 

Conclusion and Outlook 

The macroscopic approach towards the 
“static” electrochemical interface as de- 
veloped through the work of Lippmann, 
Gouy, Grahame, Frumkin/Damaskin, and 
Parsons is starting to change deeply. Over 
the last decade a detailed microscopic pic- 
ture of the bare and adsorbate-covered 
electrochemical interface has emerged. 
These advances could be attributed to four 
major developments: (1) The use of well- 
defined single-crystal electrodes instead 
of polycrystalline material. (2) The com- 
bination of complementary classical elec- 
trochemical techniques, based on macro- 
scopic measurements of current, charge 
density, or interfacial capacitance, with 
structure-sensitive in situ techniques, 
such as vibrational spectroscopies (FTIR, 
SEIRAS, surface-enhanced Raman scatter- 
ing (SERS), SFG), X-ray methods (SXS, 
EXAFS, . . .) and scanning probe micro- 
scopies (STM, AFM and related tech- 
niques). (3) The use of UHV techniques 
for structure-sensitive investigations af- 
ter controlled emersion of the electrode 
and the transfer into a vacuum chamber. 
(4) The development of modern theoreti- 
cal concepts of the electrochemical double 
layer, and of processes taking place there. 


A main field of activities is focused on 
structure and reactivity in two-dimensional 
adlayers at electrode surfaces. Significant 
new insights were obtained into the spe- 
cific adsorption and phase formation of 
anions and organic monolayers as well as 
into the underpotential deposition of metal 
ions on foreign substrates. The in situ 
application of structure-sensitive methods 
with an atomic-scale spatial resolution, and 
a time resolution up to a few microseconds 
revealed rich, potential-dependent phase 
behavior. Randomly disordered phases, 
lattice gas adsorption, commensurate and 
incommensurate (compressible and/or ro- 
tated) structures were observed. Attempts 
have been developed, often on the basis of 
concepts of 2D surface physics, to ratio- 
nalize the observed phase changes and 
transitions by competing lateral adsor- 
bate-adsorbate and adsorbate-substrate 
interactions. 

The thermodynamic and statistical me- 
chanical analysis of first-order and/or con- 
tinuous phase transitions demonstrated 
clearly that models based on the MFA 
are often inadequate. Lattice gas mod- 
els (LGM), and approximations based 
on the quasi-chemical treatment (QCA) 
or series expansion techniques (e.g. the 
low-temperature series expansion (SE)) 
are more appropriate. MC simulations 
have also been developed as a powerful 
approach to unravel the role of lateral 
interactions in various phase formation 
processes. 

Impressive atomic- and molecular-scale 
details of steady state properties of 2D 
phase changes in ionic and molecular 
adlayers, and substrate surfaces have been 
obtained, mostly based on in situ STM, 
IR- and SXS-studies. Clear evidence was 
presented of the effect of crystallographic 
orientation, the coadsorption of ions of the 
supporting electrolyte and of the solvent 
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molecules on the adlayer structures, and 
in a few systems on the electrode reactivity. 
Especially, scanning probe experiments 
provided important new insight into the 
role of defects, and their control and 
manipulation in 2D phase formation 
processes. The extension of these studies 
to more reactive metals, such as Fe, Ni, 
or Al is almost nonexistent, despite their 
important technological relevance. 

Pioneering approaches were developed, 
on the basis of time-resolved in situ 
STM, SEIRAS, and SXS-studies, to explore 
structural details of dynamic processes 
involved in phase transitions in adlayers 
and substrate surfaces, and to relate 
these results to macrokinetic models of 
nucleation and growth. 

In spite of this progress, major chal- 
lenges exist in understanding the relation- 
ship between structure and dynamics of 
2D phase changes and transitions in ad- 
layers at electrochemical interfaces at a 
microscopic level. These include topics 
such as (1) phase changes in functional- 
ized organic adlayers induced by controlled 
electrical, magnetic, or temperature per- 
turbations; (2) the structure-determining 
role of interfacial water as well as dy- 
namic relaxations; (3) the molecular-level 
control and modification of electrode re- 
activity upon phase changes in adlayer. 
At present, the microscopic mechanisms 
of reactions at adlayer-covered electrodes 
are only studied on a qualitative level. The 
“controlled” tailoring of structural prop- 
erties of clean and adsorbate-covered elec- 
trodes offers fascinating opportunities to 
design molecular- or atomic-scale sites to 
trigger specific reaction pathways, as well 
as sensitivity and selectivity of interfacial 
processes. One may imagine electrochem- 
ical switches or nanoscale storage units 
based on phase transitions in functional- 
ized adlayers deposited on well-structured 


electrodes. Fascinating perspectives to- 
wards these goals are anticipated by new 
methodological developments aimed to 
improve the time- and spatial resolution 
of structure-sensitive in situ techniques. 

The “ultimate goal” of true insights into 
the physico-chemical nature of phase tran- 
sitions, structural and dynamic changes in 
adlayers at electrodes calls for a multidis- 
ciplinary approach, combining high-level 
experimental techniques with advanced 
theoretical treatments of clean and adsor- 
bate-modified electrified interfaces. The 
basic knowledge obtained in these studies 
comprises a challenging testing ground 
for the electrochemical nanostructuring 
of surfaces and the tailoring of surface 
reactivity. 
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Atomically Controlled Electrochemical 
Deposition and Dissolution of Noble Metals 

Shen Ye and Kohei Uosaki 
Hokkaido University, Sapporo, Japan 

4 . 1.1 

Introduction 

Deposition and dissolution processes of 
noble metals are important not only 
for fundamental science but also for 
applications. As shown in Fig. 1, the noble 
metals are widely used in a variety of 
fields such as catalysis, for automobile 
and chemical reactions, fabrication of 
electronics devices and jewelry, batteries 
and corrosion protection [1, 2]. Deposition 
of a highly ordered noble metal is usually 
carried out by physical means such as 
vacuum deposition [3-6] and chemical 
vapor deposition (CVD) [7, 8]. 

Electrochemical deposition is more eco- 
nomical and convenient than the growth in 
vacuum and has been used for a long time, 
but the quality of an electrodeposited metal 
layer is generally poorer than that of a phys- 
ically deposited layer. The morphology of 
the electrodeposited metal layer is con- 
trolled by many factors such as deposition 
potential, current density, temperature, 
concentration of metal ion/complex, pH, 
nature of the additives and substrates. 


Thus, it is essential to clarify the effects 
of these factors on the growth mode to 
obtain highly ordered metal layers. 

Quantitative understanding of the elec- 
trochemical deposition and dissolution of 
metals became possible since Clavilier 
established the technique to prepare a well- 
defined surface of a platinum single-crystal 
electrode in 1980 [9]. Furthermore, the dis- 
covery of scanning tunneling microscopy 
(STM) [10] and atomic force microscopy 
(AFM) [11] soon after, made the study on 
the surface structure of the electrode in situ 
possible at atomic resolution. The surface 
structures of many noble metal single- 
crystal electrodes, such as Au (hkl) [12, 13], 
Pt (hkl) [14, 15], Pd (hkl) [16], Rh (hkl) [17], 
and Ir (hkl) [18], have been investigated 
by STM under electrochemical control 
at atomic resolution. Reality involves un- 
derstanding the relationship between the 
electrochemical behavior and the surface 
structure of these electrodes. 

Recently, in addition to the in situ 
STM /AFM, many other surface-analysis 
techniques such as surface X-ray scat- 
tering (SXS) [19, 20] and electrochemical 
quartz crystal microbalance (EQCM) [21, 
22] have also been employed to investi- 
gate the electrochemical deposition and 
dissolution processes at atomic resolution. 
Atomically controlled electrochemical epi- 
taxial growth and layer-by-layer dissolution 
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Fig. 1 Principal uses of noble metals (platinum, palladium, rhodium, ruthenium and iridium) in the 
world in 2000 [2], The scales for rhodium, ruthenium and iridium are enlarged by 10 times. 


of many metals have become possible 
now [23, 24]. 

In this chapter, we describe the recent in 
situ atomic resolution studies on the elec- 
trochemical deposition and dissolution of 
noble metals, which show extremely high 
catalytic activity for many chemical reac- 
tions [1, 2]. 

4.1.2 

Atomically Controlled Deposition of Noble 
Metals 

Depending on the binding energy and 
crystallographic mismatch between the 
deposited metal and the substrate, the 
growth of a metallic layer on the sub- 
strate near equilibrium condition can 
be classified into three mechanisms, 
namely, the Vomer-Weber (VW), the 
Stranski-Krastanov (SK), and the Franlc- 
van der Merwe (FM) modes [25-27]. Gen- 
erally, when the binding energy between 
the metal and the substrate is lower 


than that of the metal itself, a three- 
dimensional (3D) island growth mecha- 
nism, namely, the VW mode is favored in- 
dependent of crystallographic mismatch. 
When the binding energy between the 
metal and the substrate is higher than that 
of the metal itself, a two-dimensional (2D) 
metallic monolayer can be formed in 
the underpotential deposition (UPD) re- 
gion, and there are two possible growth 
mechanisms for the subsequent growth 
of the metallic layers depending on the 
crystallographic mismatch. When the crys- 
tallographic mismatch of the metal and 
the substrate is negligibly small, metallic 
layers are formed on the UPD layer on 
the substrate by a layer-by-layer growth, 
namely, the FM mode. When the crys- 
tallographic mismatch is relatively large, 
the UPD layer contains considerable in- 
ternal strain, and therefore, the growth of 
the unstrained 3D metal islands on top 
of the strained UPD layers is energetically 
favored and this mechanism is called the 
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SK mode. Thus, the metal growth mode on If one examines the parameters shown in 
the substrate can be estimated qualitatively Table 1, one can expect that electrochem- 
from the properties of both deposited and ical deposition of gold and palladium on 
substrate metals. a gold electrode should be the best candi- 

Physical properties such as lattice and date for the layer-by-layer growth process 

electronic structures, atomic diameters, among these noble metal elements. The 

melting point, thermal conductivity, re- observed growth modes shown in the table 

sistivity, tensile strength, hardness as well are in qualitative agreement with expecta- 

as surface energy (v A ) [28] of the noble tions based on the physical parameters, 

metal elements gold, platinum, palladium, 
rhodium, ruthenium, osmium, and irid- 4 i 2 1 Platinum 

ium are summarized in Table 1. The same platinum is the most important mate- 

properties for silver are also shown in rial in cat alysis including electrocatal- 

the same table for comparison. Following ysis [46-48], For example, platinum is 

the definition given by Bauer and cowork- widely used as a catalyst for automo- 

ers [26], geometry parameter (r AB ), lattice biles [2] . platinum and its alloys are also 

mismatch (A ab ) and surface-energy mis- employed as the main catalytic materials 

match (Tab) in the table are given with j n f ue l ce p s> which are attracting more 

respect to gold, which is widely used as a attention due to their high-energy conver- 

substrate in studies of electrochemical epi- s j on efficiency, flexibility, and low/clean 

taxial growth of noble metals. The experi- emission than those of traditional internal- 

mentally observed electrochemical growth combustion engines [49, 50], The pla- 

modes of these metals on gold are also tinized platinum electrode [51] has been 

listed in the table. These parameters play used for standard reversible hydrogen elec- 

significant roles in the growth mechanism trades (RHE) because of its extremely high 

for the electrochemical deposition of these reversibility for hydrogen evolution and 

metals on various substrates. As shown in oxidation reactions, 
the table, the lattice mismatches (Aab) are Ultrathin platinum layers on a chemi- 
observed from —3.8% and —6.7% among cally inactive substrate are very important 

these noble metal elements, and platinum systems in the field of catalysis and electro- 
shows the smallest mismatch (—3.8%) rel- catalysis. Many studies on epitaxial growth 

ative to the gold substrate. The value of of platinum thin layers on various sub- 

T ab , which is calculated from the sur- strates have been reported in the UHV 

face energy of each metal with respect environment [4, 52-55], The electrochem- 

to a gold substrate [28], decreases in the ical growth of platinum layers is achieved 

sequence of gold (0), palladium(0.314) < by using a number of commercially avail- 

platinum (0.5 75) < rhodium(0.620) < iri- able electroplating baths [56-58], These 

dium(0.739) < ruthenium(0.802) < osm- studies are mainly limited to the purpose 

ium(0.905). As proposed by Bauer and of electroplating where film thickness, pu- 

coworkers, the value of T A b can be em- rity, film strength, adhesive force to the 

ployed to judge the growth mode of metal substrate and growth rate are more im- 

deposition on various substrates [26]. F A b portant than surface atomic structure [46, 

values <0.5 with small lattice mismatch 47, 51, 59-62]. The atomically controlled 

(/'ab < 1.00) are required for the 2D crys- electrochemical deposition of platinum on 

talline growth of the metal on the substrate, a gold single-crystal substrate was realized 
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Fig. 2 Potential dependence of current (solid line) and the mass 
change (dotted line) at a (1 1 l)-such as gold/EQCM electrode in 
50 mM HCIO 4 + 0.6 mM l+PtCle. Sweep rate: 20 mV s _1 [32], 


recently by Uosaki and colleagues [32, 63, 
64], 

Figure 2 shows the potential depen- 
dence of the current and the surface mass 
change at an Au(lll) electrode in the first 
potential cycle between +1.0 V and +0.6 V 
in 50 mM HCIO4 solution after 0.6 mM 
HaPtCU solution was added at +1.0 V (vs. 
RHE). Cathodic current (solid line) started 
to flow around +0.80 V and increased sig- 
nificantly as the potential became more 
negative than +0.70 V. The surface mass 
(dotted line) significantly increased when 
the potential became more negative than 
+0.65 V. Even after the sweep direction 
was reversed at +0.60 V, a cathodic current 
flowed and the surface mass continued to 
increase until the potential became more 
positive than +0.80 V. The relationship be- 
tween the electric charge passed and the 
surface mass change showed that the sur- 
face mass increased by 48.5 g as a cathodic 
charge of 1 F was passed. This value is in 
good agreement with the calculated value 
for the four-electron reduction process of 


PtCl 6 2 -: 

PtCl 6 2 “ + 4e~ > Pt + 6CT 

That is, 48.8 g F —1 -electron, which is equal 
to the atomic weight of platinum (195.08), 
divided by 4 [32, 63, 64]. 

An STM image obtained at +0.95 V 
where neither cathodic nor anodic cur- 
rent flowed showed an ordered adlayer 
structure (40 x 40 nm 2 . Fig. 3a), which 
is totally different from that of the 
Au(lll) substrate. The spots with the 
same brightness showed a hexagonal sym- 
metry with a nearest-neighbor distance 
of about 0.76 nm, while the symmetry 
of the adlattice was rotated by about 20 
degrees from that of the Au(lll) sub- 
strate. This structure can be assigned 
to an adlayer of the PtClg 2- complex 
that forms the V7 x y/7R19.1° struc- 
ture on the Au(lll) surface [32, 63, 64]. 
The adsorption of the PtClg 2- com- 
plex on the Au(lll) surface has also 
been confirmed by the mass increase 
after injection of the PtCl6 2 “ complex 
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(c) 0 20 40 nm 

Fig. 3 STM images (40 x 40 nm 2 ) of platinum deposition process on an Au(lll) substrate 
(a) at +0.95 V, (b) 10 min and (c) 30 min, respectively, after the potential was stepped from 
+0.95 V to +0.70 V in 50 mM H 2 S0 4 + 0.05 mM H 2 PtCI 6 [32], 


into the blank solution at the same 
potential [64]. The same ~/7 x V7R19.1 0 
adlattice structure of the PtClg 2- com- 
plex on an Au(lll) electrode has been 
confirmed by Kolb and colleagues re- 
cently [65]. As will be described later, 
similar adlattice structures of metal com- 
plexes, such as PdCU 2- [33], RhCl6 2- [37], 
AuCU - [66] and PtCL* 2- [67], have also 
been observed on the Au(III) electrode 
surface. 

As shown in Figs. 3(b) and (c), the depo- 
sition of a platinum layer of monoatomic 
height was initiated as soon as the potential 
was stepped to +0.70 V. The growth of the 
first layer seemed to be essentially in a 2D 
mode. The deposited platinum layer grew 


from the top-right portion of the image 
(Fig. 3b) and covered the entire area of the 
image after prolonged deposition (Fig. 3c). 
The bottom-left portion of Fig. 3(b) is the 
Au(lll) covered with a PtCl6 2 “ adlayer 
of 1/7 x V7R19.1 0 structure (c.f. Fig. 3a). 
The terrace size of the deposited platinum 
layer seemed to be much smaller than that 
of the Au(lll) surface before the platinum 
deposition. A number of small clusters 
were also observed on the platinum layer. 
These clusters are higher than the first plat- 
inum layer by a monoatomic height of the 
platinum layer. The third platinum layer 
started to grow before the growth of the 
second platinum layer was completed. The 
morphology of the subsequent platinum 
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(a) 0 2.5 5.0 nm (b) 0 2.5 5.0 nm 

Fig. 4 High resolution STM images (5x5 nm 2 ) of (a) an Au (111) electrode obtained at 
+0.70 V in 50 mM HCIO 4 + 0.6 mM H 2 PtCl 6 and (b) the same electrode in 50 mM HCIO 4 
after the solution in the STM cell was replaced several times by 50 mM HCIO 4 , while the 
potential was held at +0.70 V after the STM image (a) was obtained. Note that the imaged 
portion was not the same [32], 


layers became rougher than that of the 
first layer. This means that the growth of 
the platinum layer on an Au(lll) electrode 
is not a perfect 2D growth, namely, the FM 
mode. However, Friedrich and colleagues 
observed that platinum deposition on an 
Au(lll) surface was mainly observed at 
the step edges of the substrate as isolated 
platinum particles at the lower coverage 
by ex situ STM measurements [68], Recent 
investigation on the initial stage of plat- 
inum deposition on Aa(hkl) surfaces by 
Kolb and colleagues also showed that the 
nucleation of platinum occurred preferen- 
tially at the surface defects and that the 
mobility of platinum was apparently in- 
creased by the addition of chloride into the 
solution [65], 

The adlayer with a structure of V7 x 
V7R19.1 0 was also observed on the surface 
of deposited platinum, demonstrating that 
the PtCl6 2- complex adsorbed not only on 
the gold substrate but also on the plat- 
inum surface during the electrochemical 
deposition process (Fig. 4a). In situ STM 
measurement of the platinum-deposited 
Au(lll) surface in 50 mM HCIO4 solution 
without the PtClg 2- complex showed that 


the adlattice structure of V7 x V7R19.1 0 
disappeared but a highly ordered surface 
structure of a hexagonal array with a neigh- 
bor atomic distance of 0.28 nm (Fig. 4b). 
Although it is difficult to distinguish the 
distance of the unit lattice of Pt(lll) 
(0.277 nm) and Au(lll) (0.288 nm) sur- 
faces by the present STM measurement, 
the image shown in Fig. 4(b) should cor- 
respond to the Pt(lll) - (1 x 1) structure 
formed on the Au(lll) substrate as both 
EQCM andXPS measurements confirmed 
the existence of platinum on the Au(lll) 
surface [32], Adsorption of the PtCl6 2- 
complex is considered to inhibit the 3D 
growth but to promote the initial 2D 
growth of platinum [32]. 

On the other hand, X-ray diffraction 
(XRD) measurements of the deposited 
platinum films (ca. 250 ML) on the 
Au(lll) substrate demonstrated that a 
(lll)-orientated platinum-bulk phase was 
definitely formed on the Au(lll) elec- 
trode surface by electrochemical epitaxial 
growth [32]. 

The aforementioned experimental re- 
sults suggest that the platinum layer 
grows on the Au(lll) electrode by the 
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SK mechanism. This may be related to the 
relatively large Fab of platinum with re- 
spect to the gold substrate (0.575) and the 
moderately slower surface diffusion rate of 
platinum atoms [69, 70]. 

Electrochemical characterizations of the 
UPD of hydrogen and copper show that 
the surface structure of the electrochem- 
ically deposited platinum layer on the 
Au(lll) substrate was quite different from 
that of a polycrystalline platinum elec- 
trode, but more similar to that of the 
Pt(lll) single-crystal electrode [32]. The 
difference in the electrochemical behavior 
between the platinum-deposited Au(lll) 
and an ideal Pt(lll) electrode is attributed 
to the relatively small (111) domain and 
the higher step density on the platinum- 
deposited surface. Recently, Watanabe and 
colleagues reported that the (111) -like sur- 
face structure of a platinum thin-film 
electrode prepared by a sputtering method 
can be improved by electrochemical an- 
nealing at the potential region of hydrogen 
adsorption in HCIO4 solution [71]. 

4. 1.2. 2 Palladium 

As shown in Fig. 1, palladium is mainly 
consumed as an autocatalyst now [1, 2]. 
Palladium is also an important noble metal 
element widely applied in the development 
of electrocatalytic materials [46, 48, 72], It 
is widely used as a promoter for electroless 
deposition of metals on various substrates. 
Palladium is also known for its extraor- 
dinary ability to absorb a large amount 
of hydrogen. The growth of palladium 
thin layers on various substrates in UHV 
has been investigated in detail [3-8]. Elec- 
trodeposition of palladium is widely used, 
and a number of commercially available 
electroplating baths of palladium for differ- 
ent purposes have been developed [56-58, 
61, 72]. However, the rapid increase in the 


market price of palladium since 1999 may 
affect its applications in the industry [2]. 

Since Clavilier proposed a simple way 
to prepare a noble metal single crystal [9], 
many electrochemical studies have been 
carried out on platinum, gold, and irid- 
ium as well as palladium single-crystal 
electrodes. The preparation of a palladium 
single-crystal is, however, difficult because 
palladium cannot be subjected to the usual 
convenient flame-annealing treatment to 
prepare the electrode [73]. It is of great in- 
terest if one can grow a palladium epitaxial 
layer on other noble metal single-crystal 
surfaces, which are easily prepared by Clav- 
ilier’ s method. This provides not only a 
convenient method of preparing an or- 
dered palladium surface but also a way 
of investigating the chemical and physical 
properties of a thin metallic layer, which 
may be different from those of the bulk 
material. 

The investigation on the electrochem- 
ical epitaxial growth of palladium on 
gold and platinum single-crystal sub- 
strates was started recently. Attard and 
coworkers reported the irreversible depo- 
sition of submonolayer and monolayer 
coverage of palladium on Pt(lll) elec- 
trode by the immersion technique for 
the first time [74]. Llorca and coworkers 
investigated the irreversibly adsorbed pal- 
ladium on Pt (hid) in acidic solution [75] 
and reported that electrocatalytic activity 
for the oxidation of formic acid on the 
Pt(100) electrodes was improved drasti- 
cally by the palladium-adlayer modifica- 
tion, while that on the Pt(lll) electrode 
was not greatly affected by the Pd- 
modification [76]. However, it is difficult 
to prepare an ultrathin film of palladium 
with various thickness by the immersion 
technique, and STM observation of the 
atomic structure of these surfaces is not 


available yet. 
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The electrochemical 2D growth of thin 
palladium layers on gold single-crystal 
electrodes was reported by Kolb’s group 
for the first time [77]. They also found 
that the hydrogen absorption reaction at 
the palladium thin layers takes place at 
more cathodic potentials than that at a 
bulk-palladium electrode and does not oc- 
cur at palladium films thinner than 2 ML. 
The observation of the electrochemical 
deposition of palladium at atomic res- 
olution was not available until detailed 
STM and EQCM studies of the electro- 
chemical epitaxial growth of palladium 
on Au (hkl) electrodes were carried out 
by Uosaki and colleagues [33, 34, 78-80] 
and later by Kolb and colleagues [35, 
36], 


Figure 5 shows the characteristic po- 
tential dependence of the current and 
the surface mass change at an Au(lll) 
electrode in 50 mM H 2 SO 4 solution con- 
taining 0.1 mM PdCU 2- complex [33]. A 
cathodic current started to flow as soon 
as the potential became more negative 
than +0.95 V, reaching a maximum at 
+0.88 V and decreasing to a limiting value. 
When the potential scan was reversed in 
the positive direction, an anodic current 
started to flow at +0.8 V with two anodic 
peaks at +0.89 and +0.96 V. The mass re- 
spectively increased and decreased when 
the cathodic and anodic currents flowed. 
Quantitative analysis between the charge 
and the mass change show that the ca- 
thodic and anodic currents are respectively 



Fig. 5 Potential dependence of (a) current and (b) mass change 
(Am) at an Au(l 1 1) electrode in 50 mM H 2 SO 4 + 0.1 mM 
PdCL 2- . Sweep rate: 5 mV s " 1 [33], 
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105nmx105nm 23nmx23nm 


I 



(a) (b) 


Fig. 6 (a) STM image (10 x 10 nm 2 ) of an Au (111) surface obtained at +0.95 V in 

50 mM H 2 SO 4 + 0.1 mM PdCfi 2- [33] and (b) STM image (105 x 105 nm 2 ) of an 
Au (111) surface at 0.63 V in +0.95 V in 0.1 M H 2 SO 4 + 0.1 mM PdCU 2- . The inset 
(23 x 23 nm 2 ) shows the same structure at a higher resolution [35], 


related to deposition and dissolution of 
palladium on the Au(lll) surface [33]. 
Kolb and colleagues reported recently that 
the characteristic features of the current- 
potential curves for palladium deposition 
on gold single-crystal electrodes depend 
significantly on the surface structure and 
concentration of the PdCU 2- complex as 
well as the chloride ion contained in the 
solution [35], 

Figure 6 shows STM images of the 
Au(lll) electrodes in dilute H2SO4 so- 
lution containing 0.1 mM PdCU 2- at the 
potential where no palladium deposition 
takes place as reported by (a) Uosaki and 
colleagues [33] and (b) later by Kolb and 
colleagues [35]. Figure 6(a) (10 x 10 nm 2 ) 
shows an adlattice in hexagonal symme- 
try with a nearest-neighbor distance of 
0.78 nm [33]. This structure is very similar 
to that of the PtCU 2- adlayer on an Au(ll 1) 
electrode (Fig. 3a) and is attributed to the 
structure of the adsorbed PdCU 2- complex 
on the Au(lll) with an adlattice struc- 
ture of -J7 x V77?19.1°. This result is 


in very good agreement with the results 
of coverage estimated from the EQCM 
measurements [3 3] . A similar but not iden- 
tical adlattice structure of the PdCU 2- 
complex on an Au(lll) substrate was ob- 
served by Kolb and colleagues as shown in 
Fig. 6(b) (105 x 105 nm 2 ) [35]. This image 
reveals the existence of an ordered adlayer 
with parallel stripes separated by about 
1.8 nm and a distorted hexagonal struc- 
ture (inset, 23 x 23 nm 2 ) incommensurate 
with the Au(lll) substrate. The approxi- 
mate next-neighbor distances were 0.81, 
0.68 and 0.73 nm. Domain boundaries and 
small domains with three directions are 
clearly observed. 

Figure 7 shows the surface structure on 
the Au(100) electrode in dilute H2SO4 so- 
lution containing the PdCU 2- complex at 
the potential where no palladium deposi- 
tion takes place as reported by (a) Uosaki 
and colleagues [34] and (b) later by Kolb 
and colleagues [36]. The two images show 
essentially the same structure of an ad- 
lattice with long and short axis lengths of 
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4.5 nm x 4.5 nm 



(a) 0 5 nm (b) 



Fig. 7 (a) Lowpass filtered-STM 

image (5x5 nm 2 ) of an Au(100) surface at 
+1.05 V in 50 mM H 2 S0 4 + 0.5 mM PdCI 4 2- . 
The inset is the Fourier transformed 2D 
spectrum and a unit lattice determined from the 
spectrum is superimposed on the image with a 


white box [34]; (b) STM image (4.5 x 4.5 nm 2 ) 
of an Au(100) surface at 0.61 V in 0.1 M 
H 2 S0 4 + 0.5 mM PdCI 4 2- + 0.6 mM HCI [36]; 
(c) A ball model of the PdCI 4 2- complex 
adsorbed on Au(100) surface [34], 


1.47 nm and 1.03 nm and can be attributed 
to the adlattice structure of the adsorbed 
PdCU 2- complex on the Au(100) surface. 
An adlattice model is given in Fig. 7(c). The 
STM image of the ordered-adlayer struc- 
ture on the Au(100) surface was hard to 
obtain when the concentration of PdCU 2- 
species was lower than 0.05 mM, while 
the ordered PdCU 2- adlayer was observed 
on the Au(lll) surface under the same 


conditions, suggesting that the adsorption 
of PdCU 2- on Au(100) is weaker than that 
on Au(lll) [34]. 

Figure 8 shows STM images (300 x 
300 nm 2 ) of the Au(lll) electrode sur- 
face during the palladium deposition 
in 50 mM H2SO4 solution containing 
0.5 mM PdCU 2- [33]. Atomically flat and 
large terraces (Terrace-1 and Terrace-2) 
with monoatomic steps on the Au(lll) 
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Fig. 8 (a) STM image (300 x 300 nm 2 ) of an 

Au(l 1 1) surface at +0.95 V in 50 mM 
H2SO4 + 0.1 mM PdCU 2 ^. Sequentially 
obtained STM images (300 x 300 nm 2 ) ofthe 
palladium deposition process on the Au (111) 


surface (b) 0 min, (c) 1 min, (d) 2 min, 

(e) 3 min, (f) 28 min, (g) 48 min and (h) 90 min 
after the potential was stepped from +0.95 V to 
+0.80 V in the same solution. A cross section 
along the white dotted line in each figure is 
shown below each image [33], 
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substrate were observed at +0.95 V 
where no palladium deposition takes 
place (Fig. 8a). Figures 8(b-h) show se- 
quentially obtained STM images of 
the same area at (b) 0 min, (c) 1 min, 




(d) 2 min, (e) 3 min, (f) 28 min, (g) 48 min 
and (h) 90 min after the potential of the 
Au(lll) was stepped from +0.95 V to 
+0.80 V as indicated by the thick arrow 
in Fig. 8(b) where palladium deposition is 
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expected to take place. The palladium nu- 
clei were being generated on the Au(lll) 
substrate immediately after the potential 
step. The cross section (Fig. 8b') along the 
dotted line shows the formation of palla- 
dium islands with a monoatomic height 
on the large terraces of the gold substrate. 
In the upper part of Fig. 8(b), 2D growth 
of the first palladium monolayer (Pd-1) 
progressed not only on the large terrace 
but also on a narrow terrace between the 
step lines. This result is in contrast to that 
observed by Kolb and colleagues, in which 
the palladium layer started to preferentially 
grow from the step-and-edge sites [35, 77]. 
This discrepancy should be due to the 
differences in the deposition potential and 
solution conditions. 

As shown in Figs. 8(c) and (c'), after the 
first palladium layer (Pd-1) was completely 
formed on the gold substrate, islands 
of the second palladium layer (Pd-2) 
were generated on both Terrace-1 and 
Terrace-2, and the first palladium layer 
(Pd-1) on the narrow terrace started 
to grow laterally further onto the Pd-1 
layer on Terrace-2 from the step line. 
Both the Pd-2 layer on Terrace-2 and 
the palladium layer extended from the 
Pd-1 layer on the narrow terrace grew 
two-dimensionally and merged together, 
resulting in a large flat terrace of a second 
palladium layer on Terrace-2 (Figs. 8d, e). 
The cross section (Figs. 8c',d , ,e') clearly 
shows the 2D growth of the palladium 
monoatomic layer. After the complete 
second palladium layer was formed on 
both Terrace-1 and Terrace-2, the third 
palladium layer (Pd-3) started to grow two- 
dimensionally on the terraces and from 
the step line (Figs. 8f,g). The growth rate 
of the third palladium layer was, however, 
slower than that of the first and the 
second layers. This should be due to the 
decrease in the local concentration of the 


reactant, namely, PdCU 2- , between the 
STM tip and the electrode surface, leading 
to a negative shift in the equilibrium 
potential for palladium deposition [78]. 
The palladium layer, which was originally 
first deposited on Terrace 1, was also 
grown laterally and finally merged with 
Pd-3 on Terrace 2 (Figs. 8f,g,h). The STM 
images in Fig. 8 demonstrate that the 
electrochemical deposition of palladium 
on the Au(lll) surface is an epitaxial layer- 
by-layer process. 

Figure 9 shows STM images (300 x 
300 nm 2 ) of an Au(100) electrode ob- 
tained in 50 mM H2SO4 solution con- 
taining 0.5 mM PdCU 2- [34], A number 
of monoatomic-high gold islands were 
observed in the STM image at +1.0 V 
(Fig. 9a) when no palladium deposition 
took place. These gold islands were 
formed as a result of the reconstruc- 
tion lifting of the Au(100) surface due 
to the large difference (25%) in sur- 
face densities between the reconstructed 
and unreconstructed Au(100) surface [81]. 
Figures 9(b) -(g) show STM images se- 
quentially obtained during the palladium 
deposition process. As soon as the poten- 
tial of the Au(100) substrate was stepped 
from +1.0 to +0.80 V (thick arrow in 
Fig. 9b), palladium nuclei were generated 
both on the wide terrace and on the gold 
islands (cross section I). The height of the 
palladium nuclei corresponded to that of 
a palladium monoatomic step (0.19 nm). 
Kolb and colleagues reported that the pal- 
ladium nucleated at the steps and island 
rims on the island-covered Au(100) elec- 
trode surface and that the first layer of 
palladium two-dimensionally grew from 
these nuclei [36]. 

As shown in the cross section II in 
Fig. 9(b), the growth of the first pal- 
ladium layer on the Au(100) surface 
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(c) 0 300 nm 


Fig. 9 (a) STM image (300 x 300 nm 2 ) of an surface in the same solution. Time after the 

Au(100) surface at +1.0 V in 50 mM potential pulse corresponding to the top and 

H 2 S0 4 + 0.5 mM PdCI 4 2 ~. (b) — (g) STM image bottom ofthe STM image is indicated on the 
(300 x 300 nm 2 ) obtained sequentially during right side of each image. The cross section along 

the palladium deposition process on an Au(100) broken line in each image is shown below [34], 

was completed within 10 s after the po- the second layer of palladium seemed 

tential step, and the second palladium to grow laterally from the deposited pal- 

layer then started to grow (Fig. 9c). As ladium layer just on top of the gold 

shown in the cross section in Fig. 9(c), islands. Growth of the second layer of 
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Fig. 9 ( Continued ) 


palladium on the gold terrace was com- 
pleted within about 30 s. It was noted 
that, although the gold terraces were cov- 
ered with two layers of palladium, the 
gold islands were covered with only one 
monolayer of palladium. At this stage, 
the height difference between the two re- 
gions is very small but still distinguishable, 


reflecting the difference in atomic di- 
ameters of gold (0.288 nm) and palla- 
dium (0.275 nm). 

The cross section of Fig. 9(d) (103 ~ 
148 s) clearly shows that the third layer 
of palladium was also initiated from 
the deposited palladium layer on top of 
the gold islands and grew laterally. As 



488 | 4 Underpotential Deposition 

shown in the subsequent STM images 
in Figs. 9(e) (291 ~ 395 s) and 9(f) (635 ~ 
680 s), each of the palladium islands grew 
laterally and eventually merged together. 
Completion of the third palladium layer 
took more than 1000 s, which is much 
longer than the time required for the 
growth of the first and second layers of 
palladium. The same phenomena were 


also observed in the palladium-deposition 
process on an Au(lll) electrode and 
could be attributed to the concentration 
decrease in PdCL* 2- between the STM 
tip and the electrode surface [33, 78]. 
The 2D growth process of the fourth 
palladium layer was clearly observed on 
the right portion of the STM images shown 
in Figs. 9(f) and 9(g) (1110 ~ 1155 sec). 


500 nm x 500 nm 





Fig. 10 Sequence of STM images for palladium deposition on island-free Au(100) in 0.1 M 
H 2 SO 4 + 0.1 mM PdCk + 0.6 mM HCI solution [36], Deposition potentials as indicated in 
the figure. Ij = 2nA. 
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Even after four layers of palladium were 
deposited on the Au(100) terrace and three 
layers of palladium on the gold islands, 
the shape of the gold islands was still 
distinguishable. 

Recently, Kolb and colleagues com- 
pared the electrochemical deposition be- 
havior of palladium on the island-covered 
and island-free unreconstructed Au(100) 
electrode surfaces [36]. By electrochemical 
annealing in 0.1 M H 2 SC >4 + 0.1mM 
PdCl 2 + 0.6 mM HC1 at +0.80 V (vs. SCE; 
same for Kolb’s work) where no palladium 
deposition takes place, the monoatomic- 
high gold islands generated by the lift- 
ing of the reconstruction disappeared 
instantaneously. Figure 10 shows in situ 
STM images for palladium deposition 
on an island-free Au(100) surface in the 
same solution. Palladium deposition com- 
menced at +0.52 V, and palladium nu- 
cleated selectively at the monoatomic-high 
steps and grew onto the terraces (Fig. 10b). 
The second layer of palladium started 
to grow at +0.47 V by creation of small 
palladium islands at the steps (Fig. 10c). 
The fourth monolayer started to grow be- 
fore the third monolayer was completed, 
where palladium also nucleated on the 
terraces (Figs. lOe-f). Square-type struc- 
tures of palladium deposits were generated 
with the third monolayer, revealing the 
symmetry of the Au(100) substrate and 
showing a layer-by-layer epitaxial growth 
of palladium (Figs. lOe-f). The behav- 
ior is markedly different from those 
observed on the island-covered Au(100) 
electrode surface (Fig. 9) [34, 36], Fur- 
thermore, when the palladium deposited 
on both island-covered and island-free 
Au(100) surfaces was stripped anodically, 
many small monoatomic-high islands and 
holes were created at those places where 
palladium had been deposited. These 


islands were much smaller than the ini- 
tial gold islands. Kolb and colleagues 
attributed this phenomenon to the for- 
mation of a palladium-gold surface al- 
loy on the Au(100) electrode, although 
such an effect was not observed on the 
Au(lll) electrode [36]. The surface alloy 
was considered to be the main reason 
for the deviations in the electrocatalytic 
behavior of massive Pd(100) and thin 
palladium layers (<3 ML) on Au(100). 
However, the formation of a surface al- 
loy during the dissolution of palladium 
deposited on an Au(100) electrode has 
not been observed by Uosaki and col- 
leagues in their in situ STM [34] and SXS 
studies [82, 83]. This may be related to 
the differences between the experiments 
carried out in the two groups, such as 
electrode potential and chloride concen- 
tration as well as the in situ STM cell 
configuration. 

Because STM is sensitive only to the out- 
ermost surface and the spatial resolution 
of STM is limited to about ±0.1 nm, the 
crystallographic relationship between the 
palladium layers and the gold substrate 
has remained unclear. Recently, Uosaki 
and colleagues carried out the in situ SXS 
measurements to elucidate the detailed 
structure of palladium electrochemically 
deposited on Au(lll) and Au(100) elec- 
trode surfaces [82, 83]. The pseudomor- 
phic layer structure was found only on 
the first monolayer of palladium on the 
Au(lll) substrate, while the pseudomor- 
phic layer-by-layer structure was observed 
on the Au(100) substrate up to 14 ML. The 
relaxation of the palladium layer on the 
Au(lll) electrode was found between the 
second and fourth layer, and the palla- 
dium then started to grow from the fifth 
layer with (111) orientation. However, the 
relaxation of palladium on the Au(100) 
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surface takes place after 14 ML and the sur- 
face became rough when its thickness was 
higher than 40 ML. These differences have 
been explained by the different adsorption 
sites on Au(lll) (fee and hep sites) and 
Au(100) (only 4-hollow sites) surfaces [82, 
83], 

In conclusion, epitaxial layer-by-layer 
growth of thin palladium layers follow- 
ing the FM mode has been observed on 
both Au(lll) and Au(100) electrodes. The 
ordered adlayer of the PdCLi 2- complex 
was observed on the surface of the pal- 
ladium deposited on the Au(lll) surface 
by Uosaki and colleague [33] and by Kolb 
and colleague [35]. The adlayer structure 
of the PdCLi 2- complex has not been 
observed clearly on the surface of the pal- 
ladium deposited on the Au(100) electrode 
by STM so far [36, 78]. Kolb and colleague 
concluded that the PdCU 2- complex is 
displaced by more strongly adsorbing chlo- 
ride on the palladium overlayers on the 
Au(100) electrode. Uosaki and colleagues 
suggested that the same adlayer of the 
PdCLi 2- complex should also exist on the 
palladium overlays on Au(100) as that on 
the bare Au(100) surface and proposed 
that the adlayer plays a role in the 2D 
epitaxial growth during electrochemical 
deposition of palladium on the Au(100) 
surface similar to that observed on the 
Au(lll) surface [34]. 

The electrocatalytic behavior of the thin 
palladium layers deposited on Aa(hkl) 
surfaces for hydrogen adsorption/absorp- 
tion [77, 80], oxygen reduction [79], 
oxide formation/reduction [80], copper 
UPD [33, 77], electrochemical oxidation 
of formic acid [84] as well as formal- 
dehyde [80] has been investigated in detail. 
These electrocatalytic activities depended 
significantly on the surface structure 
and thickness of the ultrathin palladium 
layers [80, 84]. 


4. 1.2. 3 Rhodium 

The autocatalyst is the main application for 
rhodium now (Fig. 1) [1, 2]. Electrodeposi- 
tion of rhodium is also widely used both in 
corrosion prevention and in the decorative 
field [46, 61, 85]. Details about the progress 
in electroplating baths for rhodium have 
been summarized elsewhere [56-58, 61, 
85], 

The electrochemical deposition pro- 
cesses of rhodium at atomic resolution 
have been investigated first on platinum 
single-crystal electrodes [86-89]. From the 
electrochemical characterization and in 
situ infrared reflection-absorption spec- 
troscopy (IRRAS) spectra of CO adsorbed 
on the rhodium deposited electrochem- 
ically on a Pt(lll) electrode, Inukai 
and coworkers suggested that the epi- 
taxial growth of rhodium monolayers 
occurs in a pseudomorphic (111) struc- 
ture [86]. Figure 11 compares the voltam- 
mograms of a bulk Rh(lll), an Rh mono- 
layer /Pt(lll),andRh overlayers / P t ( 1 1 1 ) in 
0.5 M H2SO4 solution [89]. Although there 
are some small differences, the voltam- 
mogram of monolayer Rh deposited on 
Pt(lll) is very similar to that of a mas- 
sive Rh(lll) electrode, some additional 
peaks in the hydrogen-adsorption region 
were observed on the thicker rhodium 
layers. From these types of electrochem- 
ical behavior of rhodium deposited on 
a Pt(lll) surface, Gomez and co work- 
ers concluded that the first rhodium layer 
grows in a pseudomorphic way, whereas 
the second and subsequent layers grow in 
a pseudo-layer-by-layer growth: the third 
layer begins to form before the second is 
completed (SK growth) [89]. In the case 
of ultrathin rhodium layers prepared by 
metal evaporation in UHV, the second 
rhodium layer begins to form prior to the 
completion of the first layer, although both 
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Fig. 11 CVs in 0.5 M H 2 SO 4 solution for (a) a prepared by electrochemical deposition onto a 
massive Rh(l 1 1) electrode, (b) Pt(l 1 1) electrode monolayer Rh-modified Pt(l 1 1) electrode in 
modified by one monolayer of rhodium using 0.06 mM Rh 3+ at +0.6 V for 620 s [89], 
electroless deposition and (c) rhodium overlayer 

layers give rise to pseudomorphic (lxl) a platinum substrate clean during the in 
islands [90]. situ STM measurements. 

These studies are, however, character- Recently, Kolb and colleague investi- 
ized mainly by electrochemical measure- gated the initial stages of electrochemical 
ments. The surface morphology deter- deposition of rhodium on Au(lll) elec- 
mined by STM is still very limited, which trodes by in situ STM measurements [37]. 
may be related to the difficulties of keeping Figure 12 shows current-potential curves 
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Fig. 12 CVs for a well-ordered Au (111) 
surface (solid line) and a 5° stepped 
Au (111) surface (clashed line) in 0.1 M 
H 2 SO 4 + 0.1 mM RI 1 CI 3 + 1 mM HCI. 
Sweep rate: 10 mV s -1 . The scans 
started at +0.5 V and finished at 
0 V [37]. 


0.0 0.2 0.4 0.6 

E SCE 

[V] 




Fig. 13 STM images for Au (111) in 0.1 M H 2 SO 4 + 0.1 mM RhCI 3 + 1 mM HCI. 

(a) £ = +0.65 V, showing the (\/l 3 x Vl3) R1 3.9° -superlattice pf RhCl 6 3 and (b) the same 
structure at +0.55 V with the atomically resolved Au (111) surface after a potential step to 
+0.48 V at the moment shown by the arrow [37], 


of (a) well-defined (solid line) and (b) 5° 
stepped Au(lll) electrodes (dashed line) 
in 0.1 M H 2 SO 4 + 0.1 mM RhCl 3 + 1 mM 
HCI. A pair of spikes was only observed 
on the well-defined Au(lll) surface at 
+0.52 V (vs. SCE). The deposition of 
rhodium at the well-defined Au(lll) sur- 
face was started around +0.20 V with a 
large (+0.10 V) and a small cathodic peak 
(+0.18 V). The peak position of the small 
peak coincided with the reduction peak 


observed at the stepped-Au(lll) surface, 
suggesting that the rhodium deposition 
proceeds easier at surface defects. The 
rhodium deposited on a gold-electrode sur- 
face cannot be dissolved again because 
a passivating oxide is formed on the 
rhodium layer when the potential is swept 
to the positive region [37]. 

Figure 13 shows in situ STM images at 
the potential region around the current 
spikes. An STM image with a hexagonal 
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structure can be observed in the potential to the adsorption of the RhCl 6 3_ corn- 
region more positive than that of the spike plex. When the potential was stepped to 
(Fig. 13a). This structure is determined +0.48 V, that is, negative relative to the 
to be x Vl3R13.9° and is attributed spikes, this adlattice structure disappeared 


Rh 

bilayer 

/ \ 



Fig. 14 Sequence of STM images for the deposition of rhodium on Au(l 1 1) surface at 
+0.19 V (400 x 400 nm 2 ) in. 1 M H 2 S0 4 + 0.1 mM RhCI 3 + 1 mM HCI. (a) Bare Au(lll) 
surface; (b-d) growth of a rhodium bilayer on Au(l 1 1) and (e) rhodium cluster formation 
on the bilayer [37], 
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and the Au(lll) substrate could be imaged 
atomically (Fig. 13b). 

Figure 14 shows a sequence of STM 
images (400 x 400 nm 2 ) during electro- 
chemical deposition of rhodium on an 
Au(lll) electrode in the same solution 
as Fig. 13 [37]. When the potential was 
stepped to +0.19 V, a number of rhodium 
islands were formed at the terrace of the 
gold substrate (Fig. 14b). Most of the small 
rhodium islands are immediately covered 
by a rhodium bilayer with a total height 
of 0.3 nm. The adsorption of the RhCl 6 3- 
complex was also observed on the surface 
of the rhodium bilayer. A rhodium film 
with a two-monolayer height covered the 
gold surface almost completely (Fig. 14d). 
The formation of the rhodium islands 
shows a fractal growth, indicating a low 
mobility of rhodium atoms on the Au(lll) 
surface. A number of small rhodium 
clusters were observed on the flat rhodium 
bilayer (Fig. 14e). These results suggest 
that the rhodium deposition proceeds 
through the SK mode [37]. This behav- 
ior contrasts significantly with palladium 
on Au(lll) and Au(100) electrodes where 
a layer-by-layer growth (Frank-van der 
Merwe growth mode) of palladium was 
observed clearly. 

Electrochemical characterization also 
showed that the rhodium layers on Au( 1 1 1 ) 
with a thickness of two monolayers or 
less behave similarly to a well-ordered 
Rh(lll) single-crystal electrode, while 
thicker rhodium layers are similar to elec- 
trochemically disordered Rh(lll), where 
the surface has a higher defect density [37]. 

4. 1.2. 4 Ruthenium 

The principle application of ruthenium 
is in the electronics industry for the 
manufacture of resistors [2]. Ruthenium 
is attracting more attention because of its 
crucial role in electrooxidation catalysis in 


a direct methanol fuel cell (DMFC) [49, 
50], which is a key candidate for use 
as a pollution-free power supply in the 
near future. In fact, the most efficient 
catalyst for the practical DMFC is the 
Pt/Ru based electrode, and ruthenium is 
known to promote the methanol oxidation 
on a platinum surface by providing OH a( j 
species on its surface. 

The electrochemical deposition of a 
metallic-ruthenium film is very difficult 
compared with that of other platinum- 
group elements [46, 61, 91-93]. One of the 
reasons may be related to the complicated 
electrochemistry of ruthenium deposition 
and the stability of the Ru-chloro com- 
plex [92]. For example, it has been reported 
that the RuCh species in HCIO 4 solution is 
decomposed partly into Ru0 2+ , in which 
Ru(IV) is present [94]. 

The controlled deposition of ruthe- 
nium on well-defined surfaces, such 
as Pt (hkl) [95-103] and Au (hkl) [38-40], 
has been characterized by electrochemi- 
cal measurements, Fourier transform in- 
frared reflection-absorption spectroscopy 
(FT-IRRAS), XPS and STM measure- 
ments. The interest in these studies is 
mainly concentrated on the ruthenium 
modification of a platinum surface be- 
cause of its extreme importance in 
electrocatalysis. It has been demon- 
strated that a ruthenium-deposited Pt(lll) 
substrate showed an extremely high 
activity in methanol oxidation com- 
pared to ruthenium-deposited Pt(hkl) 
electrodes with other crystallographic 
orientations [98, 99]. 

The studies of ruthenium deposition 
are mainly carried out by electrochemi- 
cal and spontaneous (electroless) deposi- 
tion procedures. Friedrich and colleagues 
found that the well-reproduced current- 
potential curves of ruthenium-modified 
Pt(lll) electrodes were obtained when 
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ruthenium was deposited electrochem- 
ically in the potential region between 
+0.8 V and +0.3 V (vs. RHE) from a 
freshly prepared 0.1 M H 2 SO 4 containing 
5 mM RuCh. The reproducibility became 


worse when 0.1 M HCIO 4 was used as 
supporting electrolyte during the electro- 
chemical deposition [95-97]. On the other 
hand, Wieckowski and colleague deposited 
ruthenium from 0.1 M HCIO 4 containing 


Fig. 1 5 CVs of Pt(l 1 1) modified by 
ruthenium in 0.1 M H 2 SO 4 + 5 mM 
RuCb at +0.6 and +0.3 V in 0.1 M 
HCIO 4 in comparison to the bare 
Pt(lll) voltammogram in 0.1 M HCIO 4 . 
Sweep rate: 20 mV s -1 [97], 



E (RHE) 
[mV] 



(a) (b) 

Fig. 16 STM images of ruthenium-modified Pt(lll) electrodes recorded in 0.1 M HCIO 4 at 
+0.5 V. Deposition was performed prior to imaging in a standard glass cell from 0.1 M 
H 2 SO 4 + 5 mM RuCb at +0.6 V for (a) 5 min and (b) 30 min, respectively [97], 
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dilute RUCI 3 by a spontaneous-deposition 
method and suggested that the RuO a( j 
species was formed on the Pt(lll) sur- 
face [98]. Figure 15 compared the CVs 
of Pt(lll) before (solid line) and after 
(dashed and dotted lines) the electro- 
chemical deposition of ruthenium [97]. 
The characteristic “butterfly” peak ob- 
served at a clean Pt(lll) changed, and 
a new peak was observed in the hydrogen- 
adsorption region after ruthenium mod- 
ification. Similar changes in CVs were 
also observed by Wieckowski and col- 
leagues, where a spontaneous-deposition 
method was employed [98-100, 104]. The 
formation of ruthenium on the platinum 
surface has been confirmed by XPS, 
Auger, and FT-IRRAS as well as STM 
measurements [96-101, 104]. Because of 


the various oxidation states of deposited 
ruthenium, the coverage of ruthenium 
cannot be estimated reliably from the elec- 
trical charge passed. The coverage of ruthe- 
nium in these experiments was mainly 
determined from STM, XPS, or Auger 
experiments instead of electrochemical 
measurements. 

Figure 16 shows in situ STM images 
of Pt(lll) electrodes in 0.1 M HCIO 4 at 
+0.5 V after electrochemical deposition 
of ruthenium in 0.1 M H 2 S 04 + 5mM 
RUCI 3 at +0.6 V for (a) 5 min and 
(b) 30 min, respectively [96, 97]. The for- 
mation of ruthenium islands of 3 ~ 5 nm 
in diameter were conformed on the ter- 
race. It seemed to be difficult to control 
the size of the ruthenium islands. The cov- 
erage of ruthenium in Fig. 16(a) and (b) 




— I 0.5 nm 

U 0.2 nm 

0.0 nm 



— 1 1 .0 nm 

U 0.5 nm 

0.0 nm 



Fig. 17 STM images of the Pt(l 1 1) after spontaneous deposition of ruthenium for (a) 10 s, (b) 20 s, 
(c) 40 s (50 x 50 nm 2 ) and (d) 90 s (100 x 100 nm 2 ). See Table 2 for details [100], 
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was estimated to be 0.25 and 0.6 from the 
STM images and was in agreement with 
the calibration by XPS measurement. The 
density of the ruthenium islands depends 
on the deposition potential and deposition 
time [97]. 

Figure 17 shows STM images of a 
Pt(lll) electrode obtained by Wieckowski 
and colleagues in air after immersion in 
0.1 M HCIO4 solution containing 0.5 mM 
RUCI3 for (a) 10 s, (b) 20 s, (c) 40 s and 
(d) 90 s [100]. In order to keep the Pt(lll) 
substrate clean for longer STM-imaging 
times, after ruthenium deposition, the 
platinum surface was covered with an io- 
dide monolayer to keep the surface free 
from contamination since the iodide layer 
has no effect in the STM topography of 
the Ru-modified surface. Ruthenium is- 
lands of nanometer size were observed 
on the Pt(lll) surface and their number 
increased with an increase in immer- 
sion time. Table 2 summarizes the results 
obtained from these STM images. The is- 
lands are not uniformly distributed over 
the surface when the coverage is low 
(Fig. 17a and b). There is no selective 
growth of islands at the steps, indicat- 
ing that the electroless deposition is not 
nucleated by the crystallographic defects 
at the surface. When the coverage is above 
0.14 ML, a second layer deposit on top 
of the inner layer was observed, although 


the inner monoatomic layer has not yet 
been completed. The bilayer islands, cor- 
responding to 10% of the overall islands, 
were observed clearly at coverage of 0.14 to 
0.19 ML (Fig. 17c, d). Similar bilayer island 
structures of vapor-deposited ruthenium 
on a Pt(lll) surface have been observed 
by Iwasita and coworkers [103]. Extend- 
ing the immersion time more than 90 s 
does not result in higher ruthenium cov- 
erage. The limit of ruthenium coverage on 
the Pt(lll) surface was approximately 0.2, 
much less than that from electrochemical 
deposition. When an Ru-modified elec- 
trode was polarized in hydrogen-evolution 
region, the amount of the ruthenium de- 
posited also decreased, indicating that a 
ruthenium oxide-reduction process in that 
potential region may be accompanied by 
partial ruthenium dissolution from the 
surface [100]. 

Recently, Behm and colleagues investi- 
gated the electrodeposition of ruthenium 
on reconstructed [38] and unreconstructed 
Au(lll) electrodes in detail [39]. It was 
found that the nucleation of ruthenium 
islands during the electrodeposition on 
a reconstructed Au(lll) electrode occurs 
exclusively at the elbows of the Au re- 
construction and that the fee area of the 
reconstructed Au(lll) surface is decorated 
at higher coverage [38]. However, a ran- 
dom nucleation process was observed on 


Tab. 2 Ruthenium coverage and the ruthenium island heights as 
determined by STM as a function of deposition time (Fig. 18) [100] 


Deposition time [s] 

Ru coverage [ML] 

Relative height in the 
island center [nm] 

10 

0.01 

0.22 

20 

0.08 

0.22 

40 

0.14 

0.22 and 0.45 

90 

0.19 

022 and 0.45 

120 

0.19 

0.22 and 0.45 
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Fig. 18 In situ STM image 
(4000 x 4000 nm 2 ) of Au (111) surface 
at +0.3 V in 0.05 M H 2 S0 4 + 1 .6 mM 
RuN0(N0 3 ) x (0H) y (x + y= 3). STM 
imagining was carried out in the 
2000 nm region (shown by the white 
box) in the beginning when the potential 
was swept between +0.3 V 
and - 0.3 V (2 mV s _1 ) for 
approximately 2 hr. When the imaging 
region was enlarged to 4000 nm, 
ruthenium deposition was observed 
outside of the tip-scan region [40], 



2.00 


4.00 pm 


an unreconstructed Au(lll) surface [39] 
as was observed on a Pt(lll) electrode 
(cf. Figs. 16 and 17). The ruthenium is 
deposited in the entire Au double-layer 
potential region and a multilayer of ruthe- 
nium can be deposited when the potential 
becomes more negative than - 0.1 V (vs. 
Ag/AgCl). 

The similar random nucleation pro- 
cess of ruthenium deposition on an 
unreconstructed Au(lll) electrode was 
observed by Uosaki and colleague in- 
dependently [40]. Figure 18 shows STM 
images (4000 x 4000 nm 2 ) at +300 mV 
(vs. Ag/AgCl) in 0.05 M H 2 SO 4 solution 
containing 1.6 mM RuNO (N 03 ) x (OH)y 
(x + y = 3). It has been reported that the 
RuNO complex is more stable than that 
of the RuCh species in solution [104]. 
Before this image was obtained, STM 
imaging was carried out at the nar- 
row center portion of the image (shown 
by the dotted white box) for approxi- 
mately 30 min, and no clear ruthenium- 
nucleation island was observed. When 
the tip scan region was enlarged, how- 
ever, many ruthenium-nucleation islands 
were randomly formed outside of the re- 
gion originally scanned, indicating a large 


STM-tip effect during the ruthenium de- 
position. 

As described in the preceding text, al- 
though it became possible to grow electro- 
chemically the ultrathin ruthenium films, 
which can be applied in electrocatalysis, 
the epitaxial growth of a metallic ruthe- 
nium film seems to be difficult at the 
present stage. 

It should be mentioned here that the 
composition of the electrolyte solution 
used in these in situ STM studies of the 
electrochemical deposition of noble metals 
(platinum, palladium, rhodium and ruthe- 
nium) are quite different from those used 
in the real electroplating industry [56-58]. 
Although some experimental conditions 
(temperature, concentration) may be dif- 
ficult for the in situ STM measurements, 
electrodeposition in a practical electrolyte 
bath should provide more information 
both in application and in fundamental 
fields. 

4.1.3 

Atomically Controlled Dissolution of Noble 
Metals 

Knowledge about the metal-dissolut- 
ion mechanism is very important for 
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Fig. 19 CV of l-free and l-modified Pd(100) electrode in 
0.05 M H 2 S0 4 solution [117]. 


controlling the metal surface structure. 
Studies of anodic dissolution of metal 
at atomic resolution have been reviewed 
elsewhere [23, 24, 105]. In this section, 
the discussion will be concentrated on 
the anisotropic layer-by-layer dissolution 
behavior of noble metal electrodes, 
palladium and gold, catalyzed by an 
adlayer of adsorbate on the substrate. 
Similar anisotropic anodic dissolution 
processes catalyzed by the ordered 
adsorbed layer have also been observed 
on S-Ni(lOO), [106] I-Ni(lll), [107] I- 
Ag(100) [108] and Cl-Cu (hkl) [109-112] as 
well as Cl-Au (hkl) [29-31], which will be 
discussed in the next section in detail. 

4. 1.3.1 Palladium 

Soriaga and colleagues reported that the 
dissolution of palladium single-crystal 


electrodes in sulfuric solution was cat- 
alyzed by a chemisorbed iodine mono- 
layer for the first time [113-116]. The 
electrochemical dissolution processes of 
palladium modified by iodine have been 
investigated in detail by a combination of 
ultrahigh vacuum electrochemistry (UHV- 
EC) and Auger as well as low-energy 
electron diffraction (LEED) [117, 118]. 

Figure 19 compares the CVs of a bare 
Pd(100) and an I-modified Pd(100) elec- 
trode in 0.05 M H 2 SO 4 solution [117]. A 
small anodic peak due to the oxidation 
of the Pd(100) surface was observed at 
+0.90 V (vs. RHE) on the bare Pd(100) 
electrode (Reactions 1 and 2): 

Pd + H 2 0 * Pd - OH s + H+ + fi- 

ll) 

Pd - OH (s) > PdO (s) + H+ + fi“ (2) 
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Evs RHE 
[V] 

Fig. 20 CVs of l-modified Pd (111), Pd (100) and Pd (110) electrodes 
in 0.05 M H 2 S0 4 solution [117], 


This anodic peak was suppressed com- 
pletely on the I-modified Pd(100) electrode, 
and a new anodic peak with an order-of- 
magnitude larger peak current than that of 
the I-free Pd(100) electrode was observed 
at +1.25 V. This new anodic peak has been 
attributed to the two-electron dissolution 
process of palladium as: 

Pd (s ) > Pd ( aq) 2+ + 2e~ (3) 

Therefore, the anodic dissolution of pal- 
ladium was enhanced significantly when 
the iodine adlayer was adsorbed on the 
palladium surface. The rate of the dissolu- 
tion is directly proportional to the coverage 
of iodine on the surface, and the iodine 


coverage remains constant throughout the 
dissolution process [117]. 

Figure 20 compares the structure depen- 
dence of the I-catalyzed electrochemical 
dissolution of Pd (hkl) electrodes in 0.05 M 
H2SO4 solution. The dissolution rate 
slightly depends on the crystallographic 
orientation and decreases in the order of 
I-Pd(llO) > I-Pd(lll) > I-Pd(100) [117]. 

Figure 21 shows a sequence of in situ 
STM images of an I-modified Pd(100) 
electrode after the potential was stepped 
to +1.05 V for (a) 5, (b) 6, and (c) 7 min, 
where the palladium started to dissolved 
anodically (Fig. 19) [117]. An atomically 
flat Pd(100) surface with a monoatomic 
step was observed, and the I-catalyzed 
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Fig. 21 STM images (80 x 80nm 2 ) of Pd (1 00)-c(2 x 2)-l obtained after (a) 5, (b) 6 and 
(c) 7 min of dissolution at +1 .05 V in 0.05 M H 2 SO 4 P 1 7], 


dissolution take places only at the step 
edges in a layer-by-layer mode, while 
etching from the pit formation was not 
observed at the surface. As shown in 
Fig. 21, terraces Ti, T2 and T3 became 
narrow along [001]-directed steps but only 
a minimal change was observed in the 
direction perpendicular to it, that is, an 
anisotropic dissolution of palladium took 
place. Itaya and colleagues interpret the 
dissolution behavior using a schematic 
model (Fig. 22) where iodine formed a 
c(2 x 2) adlattice on the Pd(100) sur- 
face [117]. The palladium atoms A and B 


in the corner of the top terrace can be re- 
garded as the most reactive ones for the 
dissolution. Removal of atom A (dissolu- 
tion along [001] direction) easily permits 
the iodine atom to slide down from a 4- 
fold site at the upper terrace onto another 
hollow site (H) at the lower terrace. On 
the other hand, iodine drop onto site H 
cannot be accomplished upon removal of 
atom B (dissolution along [010] direction) 
because of steric hindrance by atom A. 
Therefore, iodine is easier to diffuse from 
a high-symmetry site from the upper to 
a lower terrace and is considered to be 
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the major driving force in the anisotropic 
dissolution [117]. 

The step-selective layer-by-layer dissolu- 
tion behavior was also observed on an I- 
Pd(lll) surface. However, the anisotropic- 
dissolution features are not as obvious 
as that observed on an I-Pd(lOO) sur- 
face. The pit formation on the I-modified 
Pd(110) precludes layer-by-layer dissolu- 
tion and leads to progressive disorder [117, 
118], 

The ex situ LEED [113-116] and in 
situ STM measurements with high res- 
olution [105, 117] demonstrated that the 
ordered iodine adlayers were formed 
on the palladium surfaces as (V3 x 
V3fl30°)-I-Pd(lll),c(2 x 2)-I-Pd(100) and 
pseudohexagonal-I-Pd-(llO). It is notewor- 
thy that the same adlattice structure of 
iodine was observed on the palladium ter- 
race after anodic dissolution. The ordered 


Fig. 22 Schematic model to show the 
anisotropic dissolution of 
l-Pd(100) [117], 

iodine adlayers play a significant role in 
the iodine-catalyzed dissolution process. 
Therefore, the dissolution process of the 
I-modified Pd(lll) and Pd(100) electrodes 
take place in the layer-by-layer sequence 
without disruption of the iodine-adlattice 
structure. 

4. 1.3. 2 Cold 

Gold is known to have excellent chemical 
stability and is widely used in industry 
and as an accessory material [119, 120]. 
It becomes unstable and dissolves in 
the positive-potential region, especially in 
solutions containing Cl - . 

Figure 23 shows CVs of (a) Au (111) and 
(b) Au(100) electrodes in 0.1 M HCIO 4 
solution containing 1 mM Cl - in the 
potential region between +0.2 and + 1.7 V. 
A significant increase in the anodic current 
started at +1.25 V, and two anodic peaks 
were found at +1.40 V and +1.51 V at 
Au(lll) electrode. When the potential 
became more positive than +1.55 V, the 
anodic current quickly decreased. The 
pronounced anodic current in the positive- 
going potential sweep was attributed to 
the 3e~ oxidative dissolution of gold 
(Reaction 4, forward) [29]. 

Au + 4C1~ 4 ^ AuCU - + 3e~ (4) 

Au + H 2 0 4 » AuO + 2H+ + 2e~ (5) 

In the more positive potential region, the 
dissolution reaction competed with oxide 
formation (Reaction 5, forward) on the 
gold surface and passivation was com- 
pleted around +1.7 V. The cathodic peaks 
observed at +1.21 and +1.10 V in the 
negative-going potential sweep were re- 
lated to the simultaneous oxide reduction 
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Fig. 23 CVs of (a) Au(lll) and (b) Au(100) electrodes in 0.1 M HCIO 4 
solution containing 1 mM Cl - in the potential region between +0.2 V and 
+1 .7 V. Insets show CVs observed in the potential region between +0.2 and 
+1.2 V. Sweep rate: 20 mV s ' -1 [31], 


(Reaction 5, backward) /gold dissolution 
(Reaction 4, forward), and the redeposi- 
tion of the dissolved gold species (Reac- 
tion 4, backward), respectively, as already 
confirmed by EQCM measurements [29]. 
Similar 3e“ anodic dissolution of Au(100) 
electrode in acidic solution containing Cl - 
(Fig. 23b) is expected [31]. 

Enlarged CVs obtained in the potential 
region between +0.2 and +1.2 V in 
Fig. 23 show an anodic peak around 
0.5 V (Peak I) and a pair of redox spikes 
around +1.0 V (Peak II). The Peak I can 
be attributed to Cl - -induced lifting of the 
surface reconstruction on both Au(lll) 
and Au(100) electrodes [81]. Peak II is not 
observed at all in the Cl - -free solution and 
has been attributed to the formation of an 
ordered chloride adlayer on the Au(lll) 
and Au(100) surfaces. 

Figure 24 shows sequentially obtained 
in situ STM images (lxl pm 2 ) of an 
Au(lll) surface in a 0.1 M HCIO4 solution 
containing 1 mM Cl - [30, 31]. Stable large 
terraces and monoatomic step lines were 
observed at +0.8 V as was the case in 
Cl - free solution. The step lines, which 


were parallel to the [110] direction, crossed 
each other at 60 or 120 degrees. When the 
potential was slowly swept (2 mV s -1 ) in 
the positive direction, drastic changes in 
the shape of the step lines were observed. 

Figure 24 shows an STM image obtained 
during the potential sweep from +0.99 V 
(top) to +1.09 V (bottom), close to that 
of Peak II observed at Au(lll) (Fig. 23a). 
Although no change was found on the 
terraces, several kinks were formed in the 
originally straight step lines. Thus, the gold 
surface really started to dissolve from the 
step sites at this potential. The outline of 
the step lines changed drastically on the 
bottom part compared to that on the top 
part in the STM image, demonstrating 
that the gold-dissolution rate increased 
as the electrode potential became more 
positive. The SXS measurement showed 
that the chloride coverage on the Au(lll) 
electrode increased with a slope of about 
1.5%/V after the ordered chloride layer was 
constructed at this potential region [121]. 
Thus, potential induced “compression” of 
the chloride adlayer and initial dissolution 
on the Au(lll) electrode seemed to 
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Fig. 24 A sequence of in situ STM images (1 x 1 pm 2 ) of the Au (111) surface in 0.1 M HCIO 4 
containing 1 mM Cl - , (a) At +0.8 V, (b) +0.99 V ~ +1 .09 V during a potential 
sweep (2 mV s -1 ) with rastering the tip downwards, (c) 0 min, (d) 6 min and (e) 40 min after 
the potential was swept to +1 .27 V, (f) potential was stepped to +1 .36 V at the moment shown 
by the arrow with rastering the tip downwards, (g) next scan after (f) with rastering the tip 
upwards, (h) 3 min later from (f) with rastering tip downwards. E t j p = +1 .2 V. ij = 5 nA. A 
compass was drawn to indicate the orientation of the surface. See the text for details [30]. 


take place in this potential region. The 
dissolution proceeded mainly at the step 
sites, and the originally observed straight 
step lines were etched like the teeth 
of a saw at more positive potential 
(+1.27 V, Fig. 24c). The dissolution also 
proceeded on the terrace (Fig. 24c) but 
only from spots where small pits or 
defects were found at more negative 
potentials (Figs. 24a, b) as indicated by 
the black circles. The Au(lll) surface 


was etched mainly from its step edge 
in prolonged etching at +1.27 V (6 and 
40 min., Figs. 24d-e). At the beginning of 
the dissolution, only steps along the [110] 
direction were observed (Figs. 24b,c). As 
shown by the arrows in Fig. 24d, some 
of the step lines were rotated about 
30 degrees, and new step lines running 
along the [211] direction of the Au(lll) 
substrate were observed. The step edges 
along the [211] direction, however, became 
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dominant after the electrode was kept at 
+1.27 V for a long time (Fig. 24e). 

As the potential was stepped to a more 
positive values (+1.36 V, Figs. 24f-h), 
where gold still dissolves without oxide 
formation, at the moment shown by an 
arrow in Fig. 24(f), acceleration of the 
dissolution rate, especially on the terraces, 
was observed. Many small pits were 
formed on the terraces. In the bottom 


part of the image, rectangular-shaped pits 
were clearly observed. In the next STM 
scan (Figs. 24f,g), rectangular pits were 
clearly observed on all terraces. It is 
interesting to note that the rectangular 
pits were parallel to each other within the 
same domain. Furthermore, the direction 
of the long axis of the rectangular pits 
was parallel to the [211] direction of the 
substrate, that is, the new step direction 
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after dissolution (Fig. 24e). The pits grew 
and then merged. Figure 24(h) shows an 
STM image captured about 2 min after 
Fig. 24(g). The top layer of the Au(lll) 
was almost etched away, and the next 
layer of the gold surface started to dissolve. 
Nearly all of the step lines were orientated 
along the [211] direction, and the step 
line along the [110] direction was absent. 
These results demonstrated that gold was 
dissolved layer by layer in an anisotropic 
way in which the step edges preferentially 
retreated along the [211] direction of the 
Au(lll) substrate. 

STM observations were also carried out 
in solutions of various Cl - concentrations. 
It was found that the critical potential of the 
dissolution depended on the Cl - concen- 
tration. The higher the Cl - concentration, 
the more negative the critical potential. 
This potential dependence is consistent 
with that of Peak II. In solutions contain- 
ing Cl - at less than 0.1 mM, the dissolu- 
tion rate was very low, and both the [211] 
and [110] step lines were observed after the 
electrode was kept at +1.36 V for 20 min. 
In a solution of higher Cl - concentration, 
that is, more than 10 mM, the anisotropic 
characteristics were hard to observe be- 
cause of the very high dissolution rate. 

The anisotropic dissolution behavior was 
also observed on the Au(100) electrode 
in the similar solutions (Fig. 25). The 
dissolution takes place only on the step 
edges in the potential region around 
Peak II (Fig. 25a). At the beginning of 
the dissolution, steps only along the [110] 
direction were observed (Figs. 25b,c). As 
shown by the arrows in Fig. 25(d), many 
step lines rotated 45 degrees from the 
original [110] direction, that is, the [100] 
direction of the Au(100) substrate, after 
10 min etching at +1.30 V. Almost all of 
the step lines were running along the [100] 
direction after being polarized at +1.30 V 


for longer periods (Figs. 25e,f). These 
results suggest that anodic dissolution of 
the Au(100) electrode surface is also an 
anisotropic layer-by-layer etching process 
in which the step edges preferentially 
retreated along the [100] direction of the 
Au(100) substrate [31]. 

As described in the preceding text, 
the anisotropic-dissolution behavior was 
observed both on Au(lll) and Au(100) 
electrode surfaces only in acidic solu- 
tion containing Cl - . The structure of 
the chloride adlayer on the gold surface 
is considered to be one of the impor- 
tant origins of the anisotropic-dissolution 
process. Suggs and Bard observed that cop- 
per dissolved in aqueous-chloride solution 
from the step edges respectively retreat- 
ing along the [211] and [100] directions on 
Cu(lll) [109] and Cu(100) electrode sur- 
faces [110], Vogt and coworkers observed 
a similar anisotropic dissolution on a 
Cu(100) electrode surface in HC1 solution 
and proposed that the preferential forma- 
tion of the [100] -step edge resulted from 
its higher stability because the [100]-step 
edge of the Cu(100) was more stable than 
that of the [110]-step edges by 3 to 4 orders 
of magnitude [111, 112], 

Figure 26 illustrates a real-space model 
of the ordered chloride adlayer and the un- 
derlying Au(lll) atthe potential of Peak II, 
based on the SXS measurements [121]. A 
chloride adlayer with a close-packed hexag- 
onal structure is not commensurate with 
the gold substrate, and the interatomic 
distance was close to the van der Waals 
diameter of chloride. The highest density 
of the chloride adatom was found in the 
step lines along the [211] direction, and 
the adlayer was compressed more with 
increasing potential. As the STM results 
demonstrated in Fig. 24, the original step 
lines along the [110] direction disappeared 
and new [211] step lines were observed 
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Q Gold atom (1st layer) o Chloride (1st layer) 


Q Gold atom (2nd layer) o Chloride (2nd layer) 

Fig. 26 A schematic model illustrating the chloride adlayer 
on an Au (111) surface based on the surface X-ray diffraction 
measurement. See the text for details [30], 


on the surface after the anodic dissolu- 
tion. The lateral interactions between the 
adsorbed chloride and gold were consid- 
ered to stabilize the atom rows along 
the [211] direction more than those in 
the other directions because of its highest 
chloride-adatom density. In other words, a 
much lower etching rate on the [211] step 
lines was expected, and as a result, the 
anisotropic dissolution of Au(lll) in the 
Cl - containing solution was observed. 

In the case of an Au(100) electrode, 
Wang and coworkers observed using SXS 
measurements that chloride formed uni- 
axially incommensurate c(V2 x p)R4S° 
adlayer structure on the Au(100) elec- 
trode surface and was compressed along 
the [100] direction when the potential 
became more positive [122], A similar 


chloride adlayer structure has also been 
observed using in situ STM by Kolb and 
colleagues [123]. The chloride adlayer with 
a higher Cl - adatom density on the step 
edges of the [100] direction will make these 
step edges more stable than those of [110] 
and other directions on the Au(100) elec- 
trode surface in the positive potential 
region. Because of the stability, the [110]- 
step lines, which were originally observed 
before dissolution, disappeared and only 
the [100]-step lines can be observed after 
the anodic dissolution. 

4.1.4 

Summary 

Electrochemical deposition of noble metal 
elements (platinum, palladium, rhodium, 
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and ruthenium) on substrates (mainly gold and Technology Foundation, the Japan Se- 
and platinum single-crystal electrode sub- curities Scholarship Foundation and the 
strates) has been investigated by many Tokuyama Science and Technology Foun- 
modern instrumental analysis methods, dation. 
such as STM, EQCM, and SXS measure- 
ments at an atomic level. As summarized References 
in Table 1, electrochemical deposition of 


palladium on a gold substrate takes places 
in the FM mode, similar to that of silver. 
Platinum and rhodium grow electrochem- 
ically on a gold substrate in the SK mode. 
The electrochemical growth of ruthenium 
on a gold substrate prefers the SK mode, 
and a metallic-ruthenium film is still diffi- 
cult to grow at the moment. These types of 
behavior can be understood qualitatively 
using the mismatch parameter of lattice 
and surface energy between the deposited 
metal and the gold substrate. 

The anistropic layer-by-layer dissolution 
of palladium and gold are enhanced by 
an adlayer of iodine and chloride on the 
substrate surfaces. 

The present information is very useful 
for creating electrocatalytic materials with 
high activity and selectivity. This is also 
very important for understanding the 
reaction mechanism of the metal epitaxy in 
the field of surface electrochemistry. Very 
rapid progress is expected in this field. 
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Abstract 

This chapter concerns the state of devel- 
opment of electrochemical atomic layer 
epitaxy (EC-ALE), the electrochemical ana- 
log of atomic layer epitaxy (ALE). EC-ALE 
is being developed as a methodology for 
the electrodeposition of compound semi- 
conductors with nanoscale control. ALE is 
based on the formation of compounds, one 
monolayer (ML) at a time, using surface- 
limited reactions. An atomic layer of one 
element can be electrodeposited at a po- 
tential under that needed to deposit the 
element on itself, and this process is 
referred to as underpotential deposition 
(UPD). EC-ALE is the use of UPD for the 
surface-limited reactions in an ALE cycle. 

Electrodeposition is generally performed 
near room temperature, avoiding prob- 
lems with interdiffusion and mismatched 
thermal expansion coefficients. This 
makes EC-ALE a good candidate to form 
superlattices, where the compound de- 
posited is modulated on the nanometer 
scale. 

This chapter describes the basics of 
the EC-ALE cycle, the elements that 
have been used to form deposits, as 
well as the solutions, rinsing, and po- 
tential changes. It describes the hard- 
ware presently being used by this group 
and other research laboratories, the com- 
pounds that have been formed, and 
the development of deposition cycles for 


various compounds. It describes the sta- 
tus of device formation using EC-ALE, 
and goes over some of the problems 
and issues involved in developing cycles 
and growing films. Finally, given that 
EC-ALE is based on surface-limited elec- 
trochemical reactions, studies of relevant 
electrodeposit surface chemistry are dis- 
cussed. 


Nanometer control in growth is a ma- 
jor frontier of Material Science. By con- 
structing superlattices, nanowires, nan- 
oclusters, and nanocrystalline materials, 
the electronic structure (band gap) of a 
semiconductor can be engineered, the 
wavelength of light emitted or absorbed 
by a compound can be adjusted over 
a broad range. By direct analogy with 
the quantum-mechanical model of a par- 
ticle in a box, it is known that the 
smaller the box containing an electron 
the further apart are energy levels. This 
translates directly for some semiconduc- 
tor structures - the smaller the thick- 
ness of the layers, or the dimensions 
of a particle, the larger the resulting 
band gap. 

The primary methodologies for form- 
ing thin-film materials with atomic 
level control are molecular beam epi- 
taxy (MBE) [1-6], vapor phase epitaxy 
(VPE) [7-9], and a number of deriva- 
tive vacuum-based techniques [10]. These 
methods depend on controlling the flux 
of reactants and the temperature of the 
substrate and reactants. If the growth tem- 
perature in MBE and VPE is too high, 
especially with the formation of nano- 
structured materials, even 200 to 500 °C, 
interdiffusion of the component elements 
can result. In addition, different materials 


4.2.1 

Introduction 
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have different thermal expansion coeffi- 
cients. If a hetero junction is formed at 
an elevated temperature and then cooled 
to room temperature, stresses and de- 
fects can develop if the coefficients do not 
match. 

Electrodeposition is not “heat and beat,” 
it is not a heat-driven reaction; it is gen- 
erally performed near room temperature. 
Ideally, electrodeposition involves control 
of the deposition by activity of the electrons 
at the interface, by the potentials applied 
to the deposition cell. 

The work described here concerns devel- 
opment of electrochemical methodologies 
to grow compound semiconductors with 
nanoscale or atomic layer control. That 
thin films of some compounds can be 
formed electrochemically is clear. The 
questions are: How much control is there 
over composition, structure, and morphol- 
ogy? What compounds can be formed, and 
with what quality? 

The issue of epitaxy is central to the 
formation of high-quality electronic and 
optoelectronic structures. There are a 
number of definitions, mostly coming 
down to the growth of single crystals 
on single-crystal surfaces. In the vast 
majority of cases, the lattice constants of 
the deposit do not exactly match those 
of the substrate, so strain will build, and 
defects are generated. The question then 
arises: single-crystal grains of what size 
need to be formed on a substrate to call it 
epitaxy? 

4. 2. 1.1 Electrodeposition 

Electrodeposition has been used since the 
beginning of the century to form high- 
quality, mostly metallic, thin films: car 
bumpers, decorative plating, metal con- 
tacts, and so on. It has recently been shown 
that high-quality copper interconnects for 
ultra-large scale integration (ULSI) chips 


can be formed electrochemically on Si 
wafers, using the Dual Damascene copper- 
electroplating method [11, 12], and the 
large semiconductor companies, such as 
IBM, Intel, AMD, Motorola, and so on, are 
installing wafer-electroplating machines 
in their fabrication lines. 

Epitaxy in electrodeposition has been 
studied for 40 or more years [13-17], and 
is similar to MBE and VPE in that the 
rate of deposition should be limited and 
have as much surface diffusion as possi- 
ble. Surface diffusion is limited near room 
temperature, but may be enhanced due 
to solvation effects. Epitaxial electrodepo- 
sition is normally best carried out near 
equilibrium, where the deposition rate is 
lower and the exchange current high. The 
exchange current acts, in addition to sur- 
face diffusion, to move depositing atoms 
around. Near equilibrium, electrodeposi- 
tion is dynamic, with slightly more atoms 
depositing than dissolving at a given time. 
In principle, atoms deposited in less than 
optimal sites redissolve, leaving only those 
atoms in more optimal sites. As the poten- 
tial is driven from equilibrium (the formal 
potential), deposition rates increase, and 
the exchange current drops, promoting 
three-dimensional (3D) growth, and gen- 
erally degrading epitaxy. 

The quality of an elemental deposit is a 
function of the rate at which it deposits, 
the surface diffusion, its exchange current, 
and the substrate quality and structure. 
Electrodeposition of a compound thin 
film requires all these things, as well as 
stoichiometry. 

Several methods and variations have 
been developed to electrodeposit com- 
pounds. Most of the work described in this 
article concerns the formation of nonox- 
ide compounds such as II to VI and III 
to Vs. Oxides are probably the largest 
group of electrodeposited compounds (e.g. 
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aluminum anodization), but will not be 
discussed here. The electrodeposition of 
II to VI compounds has been extensively 
studied and is well reviewed in a number of 
articles [18-23]. The most prominent com- 
pound electrodeposition methods include 
codeposition, precipitation, and various 
two-stage techniques. 

The focus of the work described here 
is on understanding the mechanisms of 
compound electrodeposition and how to 
control structure, morphology, and com- 
position. The primary tool for understand- 
ing compound electrodeposition and for 
improving control over the process has 
been the methodology of EC-ALE [23-26]. 

Historically, EC-ALE has been developed 
by analogy with ALE [27-33]. ALE is a 
methodology used initially to improve 
epitaxy in the growth of thin films by 
MBE and VPE. The principle of ALE is 
to use surface-limited reactions to form 
each atomic layer of a deposit. If no more 
than an atomic layer is ever deposited, 
the growth will be 2D, layer-by-layer, 
and epitaxial. Surface-limited reactions 
are developed for deposition of each 
component element, and a cycle is formed 
with them. With each cycle, a compound 
ML is formed, and the deposit thickness is 
controlled by the number of cycles. 

As noted, in techniques such as MBE 
and VPE, surface-limited reactions are 
generally controlled by the temperatures 
of the reactants and substrate. The tem- 
perature is kept high enough so that 
deposition over a ML sublimes, leaving 
only the atomic layer, forming the com- 
pound. Problems are encountered when 
the temperatures needed to form atomic 
layers of different elements are not the 
same, as changing the temperature be- 
tween layers is difficult. 

Surface-limited reactions are well known 
in electrochemistry, and are generally 


referred to as UPD [34-39]. In the deposi- 
tion of one element on a second, frequently 
the first element will form an atomic layer 
at a potential under, or prior to, that needed 
to deposit the element on itself. One way 
of looking at UPD is that a surface com- 
pound, or alloy, is formed, and the shift 
in potential results from the favorable free 
energy of formation of the surface com- 
pound. 

EC-ALE is the combination of UPD 
and ALE. Atomic layers of a compound’s 
component elements are deposited at 
underpotentials in a cycle, to directly 
form a compound. It is generally a 
more complex procedure than most of 
the compound electrodeposition methods 
described earlier, requiring a cycle to form 
each ML of the compound. However, 
it is layer-by-layer growth, avoiding 3D 
nucleation, and offering increased degrees 
of freedom, atomic level control, and 
promoting of epitaxy. 

In addition, EC-ALE offers a way ofbetter 
understanding compound electrodeposi- 
tion, essentially a way of breaking it down 
into its component pieces. It allows com- 
pound electrodeposition to be deconvolved 
into a series of individually controllable 
steps, resulting in an opportunity to learn 
more about the mechanisms, and gain 
a series of new control points for elec- 
trodeposition. The main problem with 
compound electrodeposition by codeposi- 
tion is that the only control points are the 
solution composition and the deposition 
potential, or current density, in most cases. 
In an EC-ALE process, each reactant has its 
own solution and deposition potential, and 
there are generally rinse solutions as well. 
Each solution can be separately optimized, 
so that the pH, electrolyte, and additives 
or complexing agents are tailored to fit 
the precursor. On the other hand, code- 
position uses only one solution, which is 
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a compromise, required to be compatible 
with all reactants. 

Finally, electrodeposition is orthogonal 
to MBE and chemical vapor deposition 
(C VD) , as it involves growth in a condensed 


phase with potential control instead of 
temperature. This increases the variable 
space for producing materials, the diversity 
of conditions under which a compound 
can be formed. 


Computer 

control 



Fig. 1 Schematic diagram of automated flow electrodeposition 
system, for forming thin films using EC-ALE. 
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4.2.2 

Hardware 

Figure 1 is a schematic diagram of a ba- 
sic electrochemical flow-deposition system 
used for electrodepositing thin films using 
EC-ALE, and Fig. 2 is a picture showing the 
solution reservoirs, pumps, valves, electro- 
chemical cell, potentiostat, and computer. 
A number of electrochemical cell de- 
signs have been tried. A larger thin-layer 
electrochemical flow cell is now used 
(Fig. 3c) [40], with a deposition area of 
about 2.5 cm 2 and a cell volume of 0.1 mL, 
resulting in a two order of magnitude drop 
in solution volume, compared with the 
H-cell (Fig. 3b). The cell includes an in- 
dium tin oxide (ITO) auxiliary electrode, 
as the opposite wall of the cell from 


the working electrode, allowing observa- 
tion of the deposit during growth, as well 
as providing an optimal current distribu- 
tion. 

Villegas and coworkers used a wall-jet 
configuration, with very good results, in 
the formation of CdTe deposits on Au [43]. 
The quality of their deposits appear equiv- 
alent to those recently produced by this 
group with the thin-layer flow cell (Fig. 3c). 
Figure 4 is a transmission electron mi- 
crograph(TEM) of a CdTe deposit formed 
using their cell and 200 EC-ALE cycles [43]. 
A wall- jet configuration has also been used 
by Foresti and coworkers, in their studies 
of thin-film growth using EC-ALE on Ag 
electrodes [44]. 

The pumps used in the flow system in 
Fig. 2 are standard peristaltic pumps (Cole 



Fig. 2 Picture of one of the 
flow-cell systems presently used 
by this group. 
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Parmer). The main requirement for the 
pumps is that they are clean. If smoother 
pumping is required, pulse dampening or 
syringe pumps could be used. Foresti and 


coworkers have used pressurized bottles, 
without pumps, to deliver solution [44, 45]. 
In Fig. 2, there is one pump for each line, 
to push solution through the cell. Villegas 



Fig. 3 Diagrams of electrochemical cells used in flow systems for 
thin-film deposition by EC-ALE. (a) First small thin-layer flow cell 
(modeled after electrochemical liquid chromatography detectors). A 
gasket defined the area where the deposition was performed, and 
solutions were pumped in and out through the top plate. (Reproduced 
by permission from Ref. [41].) (b) H-cell design where the samples were 
suspended in the solutions, and solutions were filled and drained from 
below. (Reproduced by permission from Ref. [42].) (c) Larger thin-layer 
flow cell. This is very similar to that shown in (a), except that the 
deposition area is larger and laminar flow is easier to develop because 
of the solution-inlet designs. In addition, the opposite wall of the cell is 
a piece of ITO, used as the auxiliary electrode. It is transparent, so the 
deposit can be monitored visually, and it provides excellent current 
distribution. The reference electrode is incorporated into the cell as well. 
(Adapted from Ref. [40].) 
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and coworkers used a single pump on the 
outlet to suck each solution into the cell, 
in an elegant simplification [43]. 

There are a number of vendors that sell 
solenoid-actuated Teflon valves, which are 
easily interfaced to a computer. Care must 
be taken to choose a design in which the 
internal volume at the valve outlet can be 
flushed easily between steps, however [41]. 
Rotary selection valves have been used as 
well, but given the number of rotations 
needed for a 200-cycle deposit, various 
failure modes revealed themselves. 

As deposition of most of the relevant 
atomic layers involves reduction at rela- 
tively low potentials, oxygen has proven to 
be a major problem. It has been shown 
repeatedly that oxygen not rigorously ex- 
cluded results in thinner deposits, if they 
are formed at all. For this reason, exten- 
sive sparging of the solution reservoirs is 
critical. Sparging alone is generally not 


sufficient to prevent problems with oxy- 
gen, as most tubing has some oxygen 
permeability. To better avoid this problem, 
the solution delivery tubes were threaded 
through larger ID tubes and into the Plexi- 
glas box (Fig. 2) that houses the pumps and 
valves. The sparging N 2 was made to flow 
out of the solution reservoirs, through the 
large ID tubes (around the outside of the 
solution-delivery tubes) and into the box, 
greatly decreasing oxygen exposure. The 
measured oxygen content of the N 2 leav- 
ing the Plexiglas box was 10 to 30 ppm, as 
measured with a glove box oxygen analyzer 
(Illinois Instruments, model 2550). 

The majority of deposits formed in this 
group have been on Au electrodes, as they 
are robust, easy to clean, have a well- 
characterized electrochemical behavior, 
and reasonable quality films can be formed 
by a number of methodologies. However, 
Au it is not well lattice-matched to 
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Fig. 4 Transmission electron micrograph (TEM) of a CdTe deposit 
formed using 200 cycle of CdTe via EC-ALE. The regular layered 
structure, parallel with the substrate Au lattice planes, suggest the 
epitaxial nature of the deposit. (Reproduced by permission from 
Ref. [43].) 


most of the compounds being formed 
by EC-ALE. 

Some deposits have been formed on Au 
single crystals. However, single crystals 
are too expensive to use in forming 
larger deposits, and have to be recycled. 
A number of disposable substrates have 
been investigated, so that the substrates do 
not have to be recycled, and the deposits 
can be kept around. The first deposits were 
made on cold-rolled gold foil, which proved 
too expensive, and polycrystalline after 
etching. Au vapor deposited on Si(100) 
at room temperature was used extensively, 
as the films were more reproducible and 
resembled Au mirrors. On the nanometer 
scale, however, the films consisted of 
40 nm hemispheres (Fig. 5a). 


Au vapor deposited on mica at 300 
to 400° is known to form large (111) 
terraces [46-51], Several attempts to use 
these films in the flow cell (Fig. 3c) resulted 
in delamination, due to the constant 
rinsing. 

Presently, Au on glass is being used to 
form most of the deposits in the flow cells. 
These substrates are microscope slides, 
etched in HF, coated with 8 nm of Ti 
and then 200 nm of Au, at about 300°. 
The deposits do not, in general, show 
as many large terraces as Au on mica; 
however, they are orders of magnitude 
better than Au on Si (Fig. 5b). To improve 
terrace sizes, the substrates are annealed 
in a tube furnace at 550° for 12 h with 
flowing N 2 . In addition, substrates are 
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Fig. 5 (a) AFM image of Au vapor deposited on Si(100) at room temperature and (b) AFM image of 

Au on glass, annealed at 550 C for 1 2 h, in a tube furnace, in a flow of N 2 . 


given a brief flame anneal, in the dark 
with a H 2 flame to a dull orange glow, 
prior to use. 

Some Cu substrates have been used, 
including Cu foils, etched foils, and vapor- 
deposited Cu on glass. There does not 
appear to be a significant difference in the 
quality of deposits formed on Cu versus 
Au, beyond that expected to result from 
considerations of lattice matching. 

Single-crystal silver substrates have been 
used exclusively by Foresti and cowork- 
ers [44, 45, 52, 53]. They use macroscopic 
Ag single crystals, formed in-house. They 
have formed a number of II to IV com- 
pounds using EC-ALE, including ZnSe, 
CdS, and ZnS. 

Semiconductors such as polycrystalline 
ITO on glass have been used to form 
deposits of ZnS [54], CdS, and CdTe, 
by this group, with no obvious prob- 
lems. Ideally, lattice-matched semicon- 
ductor substrates could also be used 
to form deposit. For instance, InSb is 
lattice-matched with CdTe, and could be 


used as a substrate. The problems in- 
volve adequately preparing the substrate 
surfaces and understanding the electro- 
chemistry of a compound semiconductor 
substrate. Work is progressing in this di- 
rection. Good quality deposits of CdSe 
have been formed on InP and GaAs 
substrates using codeposition, by Mau- 
rin and coworkers [55, 56]. They used 
reflection high-energy electron diffraction 
(RHEED) and TEM to follow the habit of 
CdSe growth. Their work clearly shows 
the applicability of high-quality com- 
mercial compounds emiconductor wafers 
as substrates for compound electro- 
deposition. 

4.2.3 

Deposition Programs 
4. 2. 3.1 Cycle Steps 

As described in the introduction, UPD is 
the formation of an atomic layer of one 
element on a second element at a potential 
under that required to deposit the element 
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on itself: 

M 2+ + 2e~ <=> M upd (1) 

The formal potential is the potential at 
which the element begins to be stable 
depositing on itself: 

M( S ) + M 2+ + 2e < ■ ■ > 2M( S ) Em 2 +/m 

( 2 ) 

The point of view in this group is that the 
element is more stable because a surface 
compound is formed, so the free energy of 
compound formation promotes deposition 
at an underpotential, accounting directly 
for the potential shift. This can be seen 
in oxidative stripping of Zn chalcogenide 
MLs on Au electrodes. The Zn stripping 
features shift to more positive potentials, 
as the chalcogenide layer is changed from 
Te to Se to S [57]. The order and magni- 
tudes of the shifts are consistent with the 
differences in heats of formation for the 
corresponding compounds, suggesting the 
relationship between their electrochemical 
stability on the surface and the compounds 
formed. 

Reductive UPD is the major atomic layer 
deposition process used in EC-ALE to form 
atomic layers (Eq. 1). Many metals can 
be obtained in a soluble oxidized form, 
from which atomic layers can be deposited 
at underpotentials. Control points are the 
concentration of the reactant, the potential 
used for the deposition, the pH, and the 
presence of other additives or complexing 
agents, which can change the activity of 
the reacting species. 

Oxidative UPD involves the oxidation 
of species to form an atomic layer where 
the precursor contains the element in a 
negative oxidation state. A classic example 
is the formation of oxide layers on Pt and 
Au, where water is oxidized to form atomic 
layers of oxygen. Halide adsorption can be 
thought of similarly, where species such 


as Cl - , Br - , and I - oxidatively adsorb 
on metal surfaces as halide atoms. With 
respect to compound formation, oxidative 
UPD from sulfide is a good example: 

HS - 4 > SfuPD) + H+ + 2e~ (3) 

The other chalcogenides (H2Te and H2Se) 
work as well; however, their aqueous 
solutions tend to be unstable, relative to 
sulfide. Solutions of reduced forms of the 
pnictides, such as H3AS, H}Sb and H3P, 
are of interest, and expected to work for 
oxidative UPD of atomic layers. As these 
species are generally gases, it is better to 
use a basic solution to prevent out-gassing 
from solution. 

The same equilibrium used to described 
oxidative UPD (Eq. 3) can frequently 
be used to form atomic layers starting 
with more stable, oxidized forms of the 
elements, if a stripping step is added to 
the cycle. This approach has been used 
extensively to form atomic layers of Te [24, 
41, 42, 58]. 

It would be nice to form CdTe using 
reductive UPD of both Te and Cd. If, 
however, acidic Te solutions are used, 
reductive Te UPD requires a potential 
near 0.0 V (Fig. 6b) in order to avoid bulk 
deposition. Cd UPD is optimal between 
—0.4 and —0.6 V. The problem is then 
that the Cd atomic layers strip during the 
Te deposition step. On the other hand, 
Te can be deposited at —0.5 V, where the 
Cd remains stable, but some bulk Te is 
formed along with the Te ( upD) : 

2HTe0 2 + + 6H+ + 8e~ < » 

Te 0 + Te (UPD) +4H 2 0 (4) 

The trick is that bulk Te (Te°) can be 
stripped at a more negative potential in 
supporting electrolyte, a blank solution. In 
that way, only Te(uPD) is left, owing to 
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Fig. 6 ( Continued ) 


stabilization by bonding with previously 
deposited Cd, forming CdTe: 

Te° + Te ( upD) + 2H + + 2e~ < > 

(5) 


Equations (4) and (5) together have essen- 
tially the same result as Eq. (3), oxidative 
UPD or formation of a Te atomic layer, 
along with conversion of some tellurite 
to telluride. The advantage is that F and G 


Te(uPD) + H2Te 
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can be accomplished using the more stable 
tellurite solutions, instead of the unstable 
telluride. 

4. 2. 3. 2 Cycles 

A cycle consists of the steps needed to 
form a ML of the compound. Figure 7 is a 
cycle diagram for CdTe and describes the 
deposition, stripping, and rinsing steps, as 
well as times and potentials. 

In principle, each solution can be inde- 
pendent, composed of different solvents, 
reactants, electrolytes, buffers, and addi- 
tives. In general, aqueous solutions have 
been used, as their electrochemical be- 
havior is better understood, and ultrapure 
water can be obtained by a number of 
methods. 

The choice of reactant has to do with 
whether you want to perform oxidative or 
reductive UPD, oxidation state, solubility, 
availability, purity, and price. In general, 
salts are used, simplifying solution prepa- 
ration. Gases can be used by saturating the 
solution, prior to pumping it into the cell. 


Reactants can also be generated electro- 
chemically, prior to pumping the solution 
into the cell, or generator electrodes can be 
incorporated into the cell, so a precursor 
could be generated on the opposite wall of 
the cell, and allowed to diffuse across the 
thin solution layer to deposit. This method 
would have advantages in that species with 
limited stability could be used, as they need 
only last long enough to diffuse across, and 
only enough would be generated to form 
the atomic layer. This has been suggested 
as a way of obtaining H3AS, H2Te, and so 
on as precursors for oxidative UPD. 

For some elements, there are a variety 
of possible precursors, sulfur for instance 
(Fig. 8). Metal-organic precursors, such as 
used in metallo organic molecular beam 
epitaxy (MOM BE) or metallo organic va- 
por phase epitaxy (MOVPE), are possible 
precursors that can be used, if they can be 
made soluble in water or if a nonaqueous 
solvent were used. Mixed aqueous-organic 
solvents could improve solubility. Overall, 
there would be an increased probability of 
carbon contamination. One of the benefits 



Fig. 7 Diagram of an EC-ALE cycle for the formation of CdTe. (Adapted from Ref. [60].) 
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Fig. 8 G raphs of the Auger signals resulting from exposure to various 
sulfur-containing precursors as a function of potentials. (Adapted from Ref. [61].) 


of using inorganic salts in aqueous solu- 
tions is that the number of constituents 
is limited, and thus the possible sources 
of contamination. The purities of cor- 
responding inorganic salts are generally 
better than metal-organic precursors and 
cheaper. 

The concentration of reactants can 
be kept very low, as only a nanomole 
cm~ 2 of material deposits in a given 
step. Use of low concentrations conserves 
reactants, simplifies waste handling, and 
minimizes the concentrations of reactant 
salt-born contaminants. In studies of InSb 
deposition, 0.02-mM solutions of the Sb 
precursor have been used [62]. 

The electrolyte is usually the major com- 
ponent, besides solvent, suggesting the 
use of the highest purity feasible. Fil- 
tering of solutions is advised to remove 
any particulates. The concentration deter- 
mines the conductivity of the solutions, 
and the conductivity needed is a function 
of the cell design, currents expected, and 
range of deposition potentials to be used. 
At present, most studies in this group 
have involved 0.1- to 0.5-M electrolyte 


concentrations, although electrolyte con- 
centrations of 50 mM have been tried and 
look promising. Currents can be kept very 
low, given that no more than an atomic 
layer is deposited at a given time. Draw- 
backs to high electrolyte concentrations are 
cost, waste, and contamination. It is antici- 
pated that when systematic studies of trace 
contaminants are performed on deposits, 
many will be found to result from the elec- 
trolytes, pointing out the need for such 
studies. 

Acid-based electrolytes are desirable, as 
the mobility of the proton allows use of 
more dilute solutions. However, they do 
promote hydrogen evolution, which can 
form bubbles in the cell. Good results 
with both sulfate and perchlorate salts have 
been seen. Recent results with chloride in 
the deposition of CdTe are encouraging as 
well [63]. 

Solution pH is an important variable, as 
it controls solubility, deposition potential, 
and precursor speciation [64]. As noted, 
one of the advantages of using an ALE 
process is that very different solutions can 
be used for each step in the cycle. For 
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instance, pH 4 Cd solutions have been 
used with pH 10 Te solutions to form 
CdTe. However, some care must be taken 
while rinsing between solutions. On the 
other hand, Foresti and coworkers have 
used the same pH for both the metal and 
chalcogenide in the formation of II to VI 
compounds, such as CdS and CdSe on Ag 
single crystals [44, 45, 52, 65], in order to 
simplify solution exchange. To keep the 
Cd from precipitating in a basic solution, 
it was complexed with pyrophosphate. 

The drawback to change the pH in each 
step is evident in the formation of CdTe. 
After Cd atomic layer formation, the Cd 2+ 
solution is removed, and replaced with a 
basic TeC> 3 2_ solution. Cd deposition is 
a relatively reversible process (Fig. 6a), so 
there are two problems: first, the Cd 2+ 
activity is lost and second, the pH is 
shifted from 4 to 10. First, the simple 
loss of Cd 2+ activity shifts the equilibrium 
and can cause stripping of some of the 
atomic layer. In addition, shifting the pH 
to 10 has a similar result, as the Cd 2+ /Cd 
equilibrium shifts negatively with pH. 
Thus maintaining the same potential and 
increasing the pH results in Cd formed at 
pH 4 stripping from the surface. 

The history of electrodeposition involves 
control of deposit structure and morphol- 
ogy using additives. These can be things as 
simple as chloride, sulfides, and glycerol, 
or complex organic compounds, or traces 
of other metals. In EC-ALE, it is desirable 
to control the structure and morphology of 
deposits using surface-limited reactions, 
not additives. Some of these species may 
be beneficial to an EC-ALE cycle, but very 
little work has been done along this line. 
Most additive work has involved complex- 
ing agents, to shift the potential used to 
form an atomic layer, pH or Cl - being 
good examples. 


The amount of rinsing needed depends 
on factors such as cell design and the 
amount of a previous reactant that can be 
tolerated in a subsequent cycle step. Ide- 
ally, the cell will have good laminar flow 
and will rinse out easily. As noted previ- 
ously, there are multiple reasons to limit 
the concentrations of reactants. Similar 
points can be made concerning buffers as 
they control pH. It is very important to re- 
move buffers between steps in a cycle. In 
the deposition of CdTe, for instance, pH 4 
Cd solutions were used along with pH 10 
Te solutions. As can be seen in Figs. 6b 
and 6c, the potential at which bulk Te de- 
position occurs shifts from 0.0 V, at pH 2, 
to —0.7 V, at pH 10. Problems were en- 
countered when insufficient rinsing was 
used between the pH 4 Cd solution and 
the pH 10 Te solution. Some Te was de- 
positing from solution with a pH close to 
6. Under those conditions, some bulk Te 
was deposited each cycle, instead of just 
an atomic layer, promoting 3D growth and 
rough deposits. 

To get an idea of the amount of 
rinsing required, an electroactive species 
can be used, where the amount left 
in the cell after a given amount of 
rinsing can be determined coulometrically. 
Such measurements can be misleading if 
reactant is trapped under the gasket at 
the sides of the deposit (Fig. 3c). This 
can be avoided by using a resist to coat 
the substrate under the gasket, preventing 
electrochemical reaction of species trapped 
under the gasket. 

Insufficient rinsing can also result in 
some codeposition if the previous reactant 
is not fully removed. The main drawback 
is the possibility of 3D growth, which can 
be hard to identify with very thin deposits. 
Alternatively, the rinse solution may not 
be important. Some high-quality CdTe 
films were formed in this group without 
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using a rinse solution at all. That is, the 
reactant solutions were exchanged by each 
other, underpotential control, suggesting 
that some small amount of codeposition 
probably did occur. 

The amount of electrolyte needed in a 
rinse solution depends on current flow 
during the rinse. Rinsing can be per- 
formed at open circuit in some cases, 
so that no electrolyte is needed. If the 
amount of current during the rinse 
under controlled potential is very low, 
low-electrolyte concentrations could again 


be used. In general, the same elec- 
trolyte concentrations have been used 
for rinsing and deposition solutions 
so far. 

The starting potentials for most atomic 
layers, in this group, were obtained by 
studies of the voltammetry for an element 
on an Au electrode [57, 66-68], usually 
using a thin-layer electrochemical cell 
(TLEC) (Fig. 9) [69, 70], UPD potentials 
on Au are not expected to be optimal for 
growth of a compound; however, they are 
generally a good start. 
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Fig. 9 Schematic diagram of a thin-layer electrochemical cell (TLEC). 
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The simplest model for EC-ALE is that a 
set of conditions is chosen for a cycle, and 
each cycle produces one compound ML. 
Ideally, the same potentials and solutions 
are used for each cycle of a deposition. 
Recently, it has become clear that this is 
not the optimum case for EC-ALE growth 
of many compounds on Au, as the initial 
conditions do not appear optimal from 
start to finish. 

Graphs of the charges for Cd and Te 
versus the cycle # (Fig. 10) show that if a 
single set of potentials is used for each 
cycle, the first cycles are much larger 
than the succeeding cycles. If potentials 
determined from using a TLEC are used, 
the first cycle looks good, the charges 
correspond to the formation of an ML 
of the compound, but the charges quickly 
die away to nothing. On the other hand, 
if potentials are used that will result in 
something close to an ML of the compound 
for each cycle once steady state has been 
reached, the first few cycles will result in a 
great excess of deposition (Fig. 10). 


Reasonable quality deposits have been 
obtained for 200-cycle runs, using these 
more negative “steady state” potentials 
from the beginning. However, that more 
than an ML/cycle is formed during the 
first few cycles is a significant problem, as 
it suggests bulk deposition, non-layer-by- 
layer, or 3D growth. That high growth rates 
were observed initially is understandable, 
in that the potentials were close to bulk 
growth conditions for Cd and Te. 

Using these more negative potentials 
did result in reasonable deposits. Overall 
they were stoichiometric, displayed the 
expected X-ray diffraction (XRD) patterns 
without annealing, and the graphs of 
growth versus the number of cycles 
were linear (after the first few). Deposit 
morphologies appeared reasonable but 
probably not optimal, given some 3D 
growth during the first few cycles. 

It has become clear that the potentials 
needed to form atomic layers shift neg- 
atively as the semiconductor films grow, 
especially over the first 25 cycles. The 



Cycle number 

Fig. 10 Bar graphs showing the charges, in terms of monolayers, where 1 ML would 
be optimum, as a function of the cycle, for the first 7 cycles of CdTe deposition. The 
first half cycle was Te deposition, and the second Cd. A single set of potentials was 
used for all the cycles, and during the first cycle, the amounts deposited were excessive. 
(Adapted from Ref. [60].) 
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most logical reason for this shift is that 
a junction potential is developing between 
the Au substrate and the depositing com- 
pound semiconductor. When a program 
is used where the potentials are initially 
shifted for each cycle, steady state poten- 
tials are generally achieved after about 25 
cycles, which can be maintained through 
the rest of the deposit without the de- 
posited amounts changing for each cycle. 
Similar procedures were used by Ville- 
gas and coworkers [43] in the formation 
of CdTe. A reasonable potential ramp can 
be determined by inspection, and the po- 
tential changes programmed through the 
first 25 cycles or so. Some form of feed- 
back within the cycle would be better, to 
regulate deposition on the fly. The most 
obvious feedback would be the deposition 
currents (or charges). 

Figure 10 displays the coverages for Cd 
and Te deposited in each of the first few 
CdTe cycles, using a program in which 
the potentials remained constant. The cov- 
erages are the result of coulometry, two 
electrons for Cd and four electrons for Te. 
Note the excessive deposition for the first 
few cycles, significantly more than a ML, 
and the disparity between Cd and Te cover- 
ages. The relative coverages for Cd and Te 
should be 1 : 1 in Fig. 10, but seldom are 
in such graphs. It is not yet clear why the 
stoichiometry is not 1 : 1 from coulometry, 
while the stoichiometries from EPMA for 
the resulting deposits are 1 : 1. Some pos- 
sible reasons for this discrepancy (Fig. 10) 
that have been considered include solvent 
or proton reduction, oxygen reduction, and 
charging currents. However, blank solu- 
tions provide a gauge of proton, solvent, 
and oxygen reduction, as well as charg- 
ing currents, and they do not account 
directly for the asymmetry. In addition, 
coulometric stripping after 5 to 10 cycles 


of deposition agreed closely with the de- 
posited amounts, suggesting that proton 
and oxygen reduction were not significant. 
Finally, no elemental Cd and Te were ob- 
served in XRD patterns; only diffraction 
peaks for CdTe and the substrate, for 200- 
cycle deposits, were observed. 

One explanation for the observed charge 
disparity is that excess Cd is being 
deposited, and when the TeC> 3 2_ is 
introduced, some Te is exchanged for Cd. 
The TeOj 2- may react chemically with the 
cadmium, or the current observed may be 
the sum of that for oxidation of part of the 
previously deposited excess Cd and that for 
reductive deposition of the Te atomic layer. 
In general, the currents observed during a 
cycle in the formation of a compound have 
not been easy to understand, and they 
are presently a major topic of study. For 
instance, in the formation of CdSe, a cycle 
similar to that for CdTe is used; however, 
it is the charge during Se deposition that is 
in excess and that for Cd, which is almost 
nonexistent. Again, the deposit is nearly 
stoichiometric, within a percent of 1:1, 
using EPMA. In summary, the relative 
charges for Cd and Te deposition are 
not easily interpreted in terms of deposit 
stoichiometry. They are, however, a key to 
incorporation of feedback in the EC-ALE 
cycle. 

Ideally, each component element can be 
deposited at a potential optimized sepa- 
rately, independent of the conditions used 
to deposit subsequent atomic layers in the 
cycle. In some cases this independence 
is nearly realized, as in the deposition of 
Te atomic layers (Fig. 11) discussed pre- 
viously. A broad potential region (0.7 V) 
is evident in Fig. 11, where the thick- 
nesses of 200-cycle CdTe deposits do not 
change appreciably as the Te deposition 
potential is adjusted. However, Te depo- 
sition is a relatively irreversible process 
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Fig. n G raph of CdTe deposit thickness as a function of the potential used to deposit Te. Each 
point represents a deposit formed with 200 cycles. (Adapted from Ref. [60].) 

at pH 9 (Fig. 6c), suggesting that once it formed by stripping should still be close 

is deposited, the potential can be shifted to the deposit surface, in the barrier layer, 

significantly more positively (Fig. 6c) with- where they may redeposit as the second 

out its stripping from the surface. On the element deposits. On the other hand, given 

other hand, a more reversible species, such that the second element is reversible, the 

as Cd, may strip from the surface if the potential can be stepped positively after its 

potential is shifted positively in a subse- introduction to the cell. Even if some bulk 

quent cycle step. This is exaggerated after deposit is formed at the more negative 

a rinse, where the activity for Cd 2+ has potential, it should strip reversibly when 

been removed. the potential is stepped positively. 

In a system where both elements The inverse process, in which the 
deposit reversibly, at significantly different potential is shifted negatively, is not 
potentials, the rinsing procedures must generally a problem. The potential cannot 

be carefully thought through. If, for be shifted prior to rinsing, or else bulk 

instance, a reversible species is reductively deposition of the first element would occur 

deposited, and a more positive potential before the solution is rinsed from the cell, 

is to be used to deposit the next element, It is best to shift the potential after the 

the rinse step can be performed at the blank rinse, just prior to introduction of 

more negative potential, and then shifted the second element. In fact, the potential 

positively upon introduction of the second can be shifted after introduction of the 

reactant, hopefully avoiding material loss second element, as it should not deposit at 

during rinsing and minimizing losses the more positive potential, but must wait 

during introduction. If the second element until the potential is shifted negatively, 
is pumped in rapidly, and with a minimum Keeping the potentials close can be bene- 
of solution, ions of the first element ficial, using complexing agents or the pH. 
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The ideal process is represented by the 
formation of CdS, where the Cd is first 
deposited from a Cd 2+ solution by reduc- 
tive UPD, and then the potential is shifted 
negatively to where S ( updi is formed from 
a HS“ solution by oxidative UPD. In this 
way, both elements are stable on the sur- 
face during the deposition of the other. 

What is the optimal time for a given 
step in a cycle? What is the minimum 
time needed to form a deposit? How 
much time is needed for deposition of 
an atomic layer and how long does it 
take to change solutions? Each step should 
be independently optimized. Pumps can 
easily exchange solution within a fraction 
of a second. The time required for 
deposition of an atomic layer will depend 
on the concentration of the solution and 
the kinetics for deposition. The deposition 
current should probably be an exponential 
decay, raising the question of at what 
point do you cut it off. This is related 
to fundamental questions such as: If you 
do not complete an ML, will defects result? 
There are indications that it is better to 
deposit less than an ML than too much, 
as too much will produce 3D growth. It 
is anticipated that an incomplete deposit 
will work fine, that cutting off the deposit 
sooner than later will probably not be a 
problem. The Foresti group has repeatedly 
developed cycles that produced only a 
small fraction of an ML/cycle [44, 45, 52, 
53, 65]. It is probably a good idea to allow 
a given atomic layer deposition process to 
proceed as close to completion as possible, 
however. 

With the 0.2 mM reactant solutions 
used in this group, deposition times as 
short as a couple of seconds have been 
used with little problem, resulting in 
cycle times close to 10 s. With slightly 
higher concentrations, and fast pumps, 
cycle times of a few seconds appear 


workable. As noted earlier, deposition 
times are controlled by the concentration 
of reactants and the kinetics of the 
deposition process. High concentrations 
result in increased atomic layer formation 
rates; however, they are wasteful, and 
may be difficult to achieve in some 
cases. TeC >2 solutions, for instance, are 
difficult to make, as are mM solutions 
at most pHs because of poor solubility. 
High concentration solutions also take 
longer exchange in the cell. In general, 
20-s deposition times are presently used, 
probably much more than enough, with a 
couple of seconds for pumping (Fig. 7). 

Of course, deposition times can be 
decreased by using a larger driving force, 
but that runs the risk of bulk deposition. 
It is easy to envision a cycle in which 
overpotentials are used, and the deposition 
is simply stopped after a ML of charge has 
passed. Such a cycle would not involve 
surface-limited reactions and 3D growth 
would be expected. 

Faster pumps result in a shorter cycle. 
Exceeding the Reynolds number, however, 
results in turbulent flow. Flow patterns 
are frequently seen in deposits where the 
gasket has not been set correctly. Anything 
that perturbs laminar flow in the cell affects 
the deposit homogeneity: bubbles are a 
good example. If bubbles are present, even 
temporarily, they frequently leave their 
shadow in the deposit, as areas where less 
deposit was formed. If the gasket is not 
smooth, or something gets in the way 
of part of the inlet or outlet, the deposit 
quickly shows a flow pattern. Detailed 
studies have not yet been performed 
exploring the relationship between flow 
rates, cell design, and flow patterns, but 
it is clear from experience that the more 
laminar the flow the more homogeneous 
the deposit. CdTe, for example, is sensitive 
to flow rate, and a study of the dependence 
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on flow rate is underway. Most of the 
compounds, described in the next section, 
form homogeneously in the deposit area. 
CdTe, on the other hand, does not deposit 
well at the inlet and outlet, suggesting 
turbulence may affect the deposit. Slower 
pumps appear to help, but a detailed study 
is needed to determine what step in the 
cycle is causing the problem, and why. 

Besides the flow rate, rinse times are 
very important. As discussed previously, 
if rinsing is insufficient to achieve the 
desired pH, deleterious effects can result. 
The example was given that if Te solutions 
are too acidic, bulk Te will form. 

Generally, this group has used stop flow 
to provide adequate deposition times and 
to limit the volumes of solution needed. 
Villegas and coworkers have used con- 
tinuous pumping, with good results [43], 
which may be an important alternative. 
Which element should be deposited first 
is an ongoing question. In the forma- 
tion of II to VI compounds by this group, 
the chalcogenides have generally been de- 
posited first. The reasons for this have 
more to do with the rich surface chemistry 
of those atomic layers than a feeling that 
better deposits will result. Results from 
two groups using Raman spectroscopy. 
Shannon and coworkers [71] and Weaver 
and coworkers [72], have suggested that 
higher-quality deposits of CdS are formed 
when the Cd is deposited first. Recent re- 
sults by this group [63] indicate that no 
mater which is deposited first, Cd ends 
up being the atomic layer next to the Au 
substrate, suggesting it is probably better 
to deposit the Cd first. 

4.2.4 

Compound Formation 

At present, the elements used in the 
formation of compounds by EC-ALE 


include the chalcogenides: S, Se, and Te; 
the pnictides: As and Sb; the group III 
metals: Ga and In; the group II metals: 
Zn, Cd, and Hg; as well as Cu and Co. The 
range of compounds accessible by EC-ALE 
is not clear, although the majority of work 
has been performed on II to VI compounds 
(Table 1). The III to V compounds InAs 
and InSb have recently been formed [40, 
62], In addition. Shannon and coworkers 
have begun studies of CoSb 3 [73] with the 
intent of forming thermoelectric materials. 

Initially, EC-ALE was developed on the 
principle that reductive U P D of a metal and 
oxidative UPD of a main group element 
were required to form a working cycle. This 
would then limit compounds that could be 
formed to those containing a chalcogenide 
or a pnictide, as reduced forms of some 
of these elements were reasonably stable 
in aqueous solutions. Recently, it has 
been shown that reductive UPD of both 
elements is possible [40], suggesting a 
much larger range of compounds or 
possibly alloys might be formed. 

Table 1 is a listing of compounds formed 
using EC-ALE. The first EC-ALE studies 
focused on CdTe [24, 25] for the historical 
reason that its electrodeposition had been 
studied the most [98-109]. The genesis 
for most of that work has been the desire 
to electrodeposit CdTe photovoltaics. The 
majority of the CdTe work is codeposition, 
after the classic paper by Kroger and 
coworkers [99]. 

The first studies of EC-ALE were stimu- 
lated by Mike Norton [66], who suggested 
that an electrochemical form of ALE might 
be possible, which prompted studies of 
the UPD of Cd and Te on Cu, Au, and 
Pt substrates, by this group. Those studies 
involved the use of a TLEC [69, 70] (Fig. 9), 
which consisted of a polycrystalline rod 
of the substrate metal, inserted into a 
vacuum-shrunk glass compartment. The 
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Tab. 1 EC-ALE studies 


Compound 

Study 

Year 

References 

ZnTe 

TLEC 

1996 

57 

ZnSe 

TLEC 

1996 

57 

ZnSe 

Flow cell deposition 

1999 

44 

ZnS 

TLEC 

1996 

57 

ZnS 

Flow cell deposition 

1997 

54 

ZnS 

TLEC 

1996 

57 

ZnS 

Flow cell deposition 

1997 

54 

ZnS 

STM studies of monolayers 

1999 

74 

ZnS 

Flow cell deposition 

1999 

45 

ZnS 

Growth of superlattice with EC-ALE 

1999 

75 

ZnS 

Size-quantized film, photoelectrochem. 

2000 

76 

CdTe 

UHV-EC of first few monolayers 

1992 

77 

CdTe 

UHV-EC of first few monolayers 

1993 

78 

CdTe 

STM 

1993 

79 

CdTe 

STM and UHV-EC 

1995 

80 

CdTe 

Flow cell 

1995 

41 

CdTe 

Review 

1995 

81 

CdTe 

Flow cells, H-cell 

1998 

42, 58 

CdTe 

UHV-EC, in situ STM 

1998 

82 

CdTe 

Wall-jet flow cell growth of thin films 

1999 

43 

CdSe 

STM 

1996 

83 

CdSe 

STM, UHV-EC 

1997 

84 

CdSe 

Flow cells, H-cell 

1998 

42 

CdSe 

SERS 

1999 

85 

CdSe 

Flow cells, large thin-layer cell 

2000 

86 

CdS 

STM 

1994 

87 

CdS 

TLEC 

1994 

67 

CdS 

Voltammetry 

1994 

88 

CdS 

STM 

1996 

89 

CdS 

STM, RRDE 

1996 

90 

CdS 

STM 

1996 

89 

CdS 

STM, surface study 

1997 

91 

CdS 

Flow cells, H-cell 

1998 

42 

CdS 

STM, voltammetry 

1998 

52 

CdS 

Raman study 

1998 

92 

CdS 

Photoelectrochemical studies of films formed by EC-ALE 

1998 

93 

CdS 

Resonance Raman study 

1999 

71 

CdS 

Photoluminescence study of a heterojunction 

1999 

94 

CdS 

Flow cells 

1999 

45 

CdS 

Growth of superlattice with EC-ALE 

1999 

75 

HgS 

Photoluminescence study of a heterojunction 

1999 

94 
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Tab. 1 ( continued ) 


Compound 

Study 

Year 

References 

GaAs 

UHV-EC 

1992 

68, 95 

In As 

Thin films with TLEC flow system 

1999 

40 

InSb 

Thin films with TLEC flow system 

2001 

62 

CulnSe 2 

TLEC 

1996 

96 

ln2Se3 

Flow cells 

2001 

97 

CoSb 

Overview of EC-ALE of CoSb 

1999 

73 

CdS/HgS 

Photoluminescence study of a heterojunction 

1999 

94 

CdS/ZnS 

Growth of superlattice with EC-ALE 

1999 

75 

CdS/CdSe 

Growth of superlattice with EC-ALE, studied by SERS 

1999 

85 

InAs/lnSb 

Superlattice 

2001 

62 


Note: STM: scanning tunneling microscopy; EC-ALE: electrochemical atomic layer epitaxy; UHV-EC: 
ultrahigh vacuum electrochemistry; SERS: surface-enhanced Raman scattering; RRDE: rotating 
ring-disk electrode. 


compartment was designed to hold the 
electrode in the center of a roughly cylin- 
drical glass enclosure, about 25 pm away 
from the glass. Two pinholes were ground 
into the bottom of the cell, to allow so- 
lutions to flow in and out, and for ionic 
conductivity. The total volume of the cell 
was 3.0 pL, with a 1-cm 2 electrode area. 

The TLEC provided a defined envi- 
ronment for studies of surface-limited 
reactions. The large surface area to volume 
ratio greatly limits background reactions 
from traces of oxygen and other contami- 
nants. Limited and predictable background 
currents facilitate coulometry and allow 
for more detailed coverage measurements. 
The reactant amounts are also limited, 
allowing studies with only slightly more 
than that needed to form atomic layers, 
limiting bulk-deposition and preventing 
bulk-stripping currents from swamping 
out UPD stripping. In addition, the TLEC 
facilitated solution exchange, which is very 
important for studies of EC-ALE. One solu- 
tion can be flushed out and another rinsed 
in within a few seconds, without exposing 


the deposit to air. The TLEC is used to 
determine the potentials needed to form 
atomic layers of the elements on the sub- 
strate. 

Following the codeposition work of 
Kroger and coworkers [99] and many 
others, acidic solutions of HTeC> 2 + were 
initially used [24, 25]. At that time, it was 
assumed that if Cd was deposited by 
reductive UPD, Te should be deposited 
using oxidative UPD, from a solution 
of H 2 Te or a related telluride species. 
It was not felt that reductive UPD 
of both elements could be performed. 
Solutions of telluride proved unstable, 
however, oxidizing and turning purple 
with flecks of elemental Te, with even 
traces of oxygen in solution. This led 
to the use of the process described 
by Eqs. (4 and 5) [24, 25], where more 
than an atomic layer of Te was first 
deposited, from a HTeC> 2 + solution, and 
the excess Te was stripped reductively 
at a more negative potential using a 
blank solution in a separate step. The 
only analysis performed on those initial 
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deposits was coulometry, as the substrates 
were not easily removed from the Pyrex 
cells (Fig. 9), and the substrate’s cylindrical 
geometry did not lend itself to analysis by 
many techniques. 

A flow-deposition system was subse- 
quently developed to grow thicker films 
on flat disposable substrates [41]. The 
first edition was a small thin-layer flow 
cell (Fig. 3a). The majority of the sys- 
tem was very similar to that used to- 
day: pumps, electrochemical cell, valves, 
solution reservoirs, and potentiostat, all 
controlled by computer. Those first de- 
posits were excessively heterogeneous, 
however [41]. The deposits suffered from a 
lack of adequate oxygen exclusion, gasket 
effects, and bubble problems. In addition, 
those deposits were grown with a sin- 
gle set of unoptimized deposition poten- 
tials. Scanning electron microscopy (SEM) 
images revealed extensive 3D growth. 
Interestingly, many deposits were com- 
posed of smooth bumps, suggesting they 
might result from layer-by-layer growth 
on a series of nucleation sites. The de- 
posits were stoichiometric by EPMA, but 
graphs of coverage versus cycle num- 
ber were not linear, as expected, but 
increased exponentially, clearly demon- 
strating increasing surface roughness or 
3D growth. 

There were a number of excuses made, 
and a number of solutions suggested 
for those first deposits, such as prob- 
lems with valves, with gaskets, and with 
substrates [41]. The next set of CdTe thin- 
film growth studies were made using a 
H-cell (Fig. 3b) [42, 58]. The substrates 
were simply suspended in the H-cells, 
and the solutions were pumped in from 
the bottom and then drained out. This 
eliminated problems with gaskets and 
bubbles, as there were no gaskets, and 


the bubbles floated to the top. Sub- 
strates used in that study were Au on 
Si(100), which looked like a mirror but 
were composed of 40 nm hemispheres 
(Fig. 5a). The importance of oxygen ex- 
clusion was discovered while draining 
solutions, as some oxygen was sucked 
into the cell, unless an N 2 gas blanket 
was kept above the solution. This helped 
account for one of the major problems 
early on, reproducibility. Deposits were 
formed one day, but not the next, using 
the same conditions. Progress was exceed- 
ingly slow until the oxygen problem was 
better understood. 

The deposit quality was greatly im- 
proved with the H-cell [42, 58], and Fig. 12 
shows XRD patterns for deposits of CdTe, 
CdSe, and CdS made using the system. 
In each case, the deposits have a [110] pre- 
ferred orientation, and crystallize in the 
zinc blende (cubic) structure. Graphs of 
deposit thickness versus the number of 
cycles were linear, a good indication of a 
surface-limited growth. The best deposits 
of CdTe were a little thin, however, cor- 
responding to the growth of only about 
0.4 ML/cycle. In hindsight, oxygen exclu- 
sion was probably still a problem, the 
samples were being overrinsed each cycle, 
and a constant set of deposition potentials 
were used. 

As noted, the most important advance 
resulting from changing to the H-cells 
was that CdTe deposits were more re- 
producible. Studies of the dependence of 
deposit thickness on various cycle variables 
were possible using the H-cell design [58], 
including the dependency on the poten- 
tials used for Te deposition, Te stripping, 
and Cd deposition. Plateaus in coverage 
as a function of those potentials were 
observed, confirming the surface-limited 
nature of the growth process [58]. That 
is, the deposit thickness was zero if the 
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Fig. 12 XRD patterns for (a) CdTe, (b) CdSe, (c) CdS. (Reproduced with 
permission from Ref. [42].) 

Cd deposition potential was too far pos- 
itive, and if the potential was too far 
negative, some bulk Cd was formed for 
each cycle, resulting in a thick rough de- 
posit. In between was a range of potentials 
where the deposit thickness was constant, 
close to 0.4 ML/cycle, suggesting the de- 
position was controlled by surface-limited 
reactions. 

There were some major problems with 
the H -cells, however, such as the need 
for 50-gallon drums to hold the re- 
sulting chemical waste, as 100 mL of 
solution was used for each cycle. In 
addition, potential control was lost for 
the deposits each time the solution was 
drained, which can result in some de- 
posit loss. 

Subsequently, the H-cell was replaced 
with a larger thin-layer flow cell (Fig. 3c), 
with a 1x3 cm deposition area. The 
pumps, valves, and cell were placed 


inside an N 2 -purged Plexiglas box, greatly 
improving oxygen exclusion, and an 
oxygen analyzer (Illinois Instruments, 
model 2550) was used to measure the oxy- 
gen levels in the box, 10 to 30 ppm. Use 
of the thin-layer flow cell dropped the so- 
lution volumes used from 100 mL/cycle 
to about 1 mL/cycle, and allowed potential 
control to be maintained throughout the 
deposition. 

At that time, the cycle program was also 
changed, so that cathodic UPD was used 
for deposition of both elements. Use of a 
pH 10 tellurite solution, TeC> 3 2- , instead 
of pH 2, shifted the Te UPD potential to 
better coincide with that for Cd UPD. A 
program similar to that presently used 
for depositing CdTe is shown in Fig. 7. 
A comparison of the programs in Fig. 13 
clearly shows the relative simplicity of the 
new program and hardware, compared to 
the older. 
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Fig. 13 Diagrams of the cycle program for use with (a) the H-cell (Fig. 3b) and (b) the large 
thin-layer flow cell (Fig. 3c). 


As noted above, the deposits made with 
the H-cell design were thin, only about 
0.4 ML/cycle. For a 200-cycle deposit, 
they appeared deep blue, the result of 
interference effects in the 30-nm-thick 
films. With the new cycle program and 
large thin-layer cell, the best deposits 
appeared gold in color, and ellipsometric 
measurement indicated they were very 
close to 1 ML/cycle. A study of the 
thickness as a function of the number 
of cycles is shown in Fig. 14, where the 
line is straight, indicating surface-limited 
control of growth. Figure 15 is a graph of 
the square of absorptivity X photon energy 
versus energy, from which a band gap of 
1.55 eV has been extrapolated, equivalent 
to literature values for CdTe. 


Figure 11 is a study of the potential 
dependence of deposit thickness, using 
200-cycle CdTe deposits, formed with the 
large thin-layer flow cell, as a function of 
the Te deposition potential. A 0.7 V plateau 
in deposit thickness suggests broad flexi- 
bility in the choice of the Te deposition 
potential. Those results were very encour- 
aging. At positive potentials, the coverage 
dropped dramatically, as no Te was de- 
posited, so there was nothing for Cd to 
deposit on. At potentials below —0.7 V, 
some bulk Te appears to have deposited 
for each cycle, as the thickness greatly ex- 
ceeded that expected for ML/cycle growth, 
and the morphology became “sandy” 
(Fig. 16). Sandy is a term used in this group 
to describe deposits where 3D growth is 
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(Cd -0.700 V, Te -0.700 V, open circuit fill, no blank rinse) 



Deposition cycles 

Fig. 14 Thickness of CdTe deposits formed with the thin-layer flow cell, as a function of the number 
of cycles. (Adapted from Ref. [60].) 



hv 

[eV] 


Fig. 15 C raph showing extrapolation to the band gap for CdTe films. (Adapted from 
Ref. [60].) 

evident in an optical microscope, appear- This is a strong indicator that the growth 
ing as dark or multicolored dots, sand, mode is no longer layer by layer, and 
when a 200-cycle deposit is examined at the deposit is roughening. Ellipsometric 
1000 X with a metalographic microscope, thickness measurements are only accurate 
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Good Sandy 

Fig. 16 Optical micrograph, 1000X, taken with a 
metalographic microscope of CdTe deposits. The good deposit 
is on the left, and was produced using reasonable potentials. 
The bad deposit is on the right, and was produced with a 
program in which the potential for Te was excessively negative, 
leading to roughening of the deposit, and what is referred to 
here as sand, owing to its appearance in the microscope. 


for smooth films [111], and became mis- 
leading for the films formed at such 
negative Te potentials. In between these 
potential extremes, the 0.7-V wide plateau 
was evident (Fig. 11), where the deposit 
thickness was consistent with ML/cycle 
growth. The presence of this plateau is 
consistent with surface-limited control of 
the deposition. Activation-limited growth 
would have resulted in increased deposi- 
tion as the potential was decreased. Mass 
transfer-limited growth would have re- 
sulted in a plateau as well, but at a 
much higher growth rate, and would not 
have been expected to increase again at 
still more negative potentials. In addi- 
tion, the deposit thickness for the plateau 
was not a function of the precursor con- 
centration, consistent with surface-limited 
control. 

Thin films of CdTe have also been 
produced using an automated flow-cell 
system by Villegas and coworkers [43], 
Their films were very similar to those 


described above, and Fig. 4 is a TEM of 
one of their deposits. Their cell was a wall 
jet design, and they used a single pump 
to suck the solution from a distribution 
valve, through their cell. The deposit was 
formed in a continuous -flow mode, not 
the stop flow used by this group. Their 
design greatly simplifies the hardware and 
appears to work just as well as the thin- 
layer flow system. In addition, Villegas 
was the first to notice the need to adjust 
potentials as the deposits grow. They used 
a cycle incorporating the reactions shown 
in Eqs. (4 and 5). 

Films of CdSe have been grown with 
the automated flow-cell systems, both us- 
ing the H-cell [42] (Fig. 3b), and recently 
with the large thin-layer cell (Fig. 3c) [86]. 
Comparisons of XRD patterns have sug- 
gested that in both cases the quality of 
the CdSe deposits were better than equiv- 
alent CdTe films formed under similar 
conditions (Fig. 12b). Figure 17 shows an 
XRD pattern for a 200-cycle CdSe deposit, 
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Fig. 17 XRD of CdSe formed using the large thin-layer flow cell, and 200 cycles. (Adapted from 
Ref. [86].) 


formed using cathodic UPD for both el- 
ements. The probable reason for CdSe 
forming higher quality deposits than CdTe 
is the lattice-match with the Au substrate. 
That is, from atomic level studies, it is 
known that an ML and a half of CdTe [63, 
78, 79], or CdSe [83, 84], will form a (3 x 3) 
surface unit cell on Au(lll). The struc- 
tures proposed to account for these (3 x 3) 
unit cells involve superposition of an ML 
and a half of these compounds, with the 
zinc blende structure, on the Au surface, 
where three Au lattice constants match up 
with two times the Cd-Cd distance in the 
(111) plane of CdTe or CdSe (Fig. 18). In 
the case of CdTe, this results in a 6% lat- 
tice mismatch, while it is less than 1% for 
CdSe on the same Au(lll) surface. This 
suggests there should be fewer defects, or 
a larger critical thickness for CdSe deposits 
compared with CdTe [112]. 

Studies of the potential dependence of 
CdSe deposit thicknesses show a much 
shorter plateau region with CdSe than 
CdTe (Figs. 11 and 19). The variability in 
thickness evident in the plateau (Fig. 19) 
probably represents the standard deviation 


in growth and measurement at that time, 
rather than any significant variation in 
coverage as a function of potential. The 
plateau and trends in the graph are as 
expected. At potentials above —0.55 V, 
the deposits die off, while at potentials 
below —0.68 V, some bulk deposition of 
Se results, the growth rate exceeds an 
ML/cycle, and the surface roughens (sand 
is evident). 

Typical 200-cycle CdSe deposits appear 
gold in color, as did the CdTe deposits. 
Given that the band gaps of CdSe and 
CdTe are both direct and about 1.6 eV, 
similarities in appearance are expected. 
Visual inspection of the 1 cm x 3 cm 
CdSe deposits shows them to be more 
homogeneous than corresponding CdTe 
deposits, in general. 

Weaver and coworkers formed superlat- 
tices with CdSe and CdS, using EC-ALE, 
without an automated system [85]. They 
studied their relatively thin deposits by 
surface-enhanced Raman (SERS), examin- 
ing stress build-up in the deposits. 

CdS growth, by EC-ALE, has been 
studied by more groups than any other 
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Fig. 18 Structures proposed to account for the (a) C/7 x A /7)R19.1° and (b) (3 x 3) structures 
observed in the formation of monolayer of CdTe. (Adapted from Ref. [61].) 
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Fig. 19 G raph of the coverage of CdSe versus the potential used for Se deposition in the formation 
of 200-cycle deposits. (Adapted from Ref. [86].) 


compound (Table 1) [42, 52, 65, 67, 75, 85, 
87, 89-91, 94, 113]. Initial EC-ALE studies 
in this group of CdS were performed with 
a TLEC (Fig. 9), to determine potentials 
for a cycle [67]. Cd and S coverages were 
determined coulometrically for deposits 


as a function of the numbers of cycles 
performed. The dependence of thickness 
on the Cd deposition potential, for CdS 
deposits, revealed a plateau between —0.3 
and —0.55 V, with the best deposits formed 
at —0.5 V, using a pH 5.9, 10 mM, CdSC >4 
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solution and a pH 11, 11 mM, Na 2 S 
solution. Reductive UPD was used for the 
Cd atomic layers and oxidative UPD for S 
atomic layers. 

The H-cell (Fig. 3b) was used to form 
CdS thin films with 200 cycles of deposi- 
tion [42]. The films were a transparent yel- 
low from visual inspection. XRD indicated 
the deposits were again (111) oriented, zinc 
blende CdS, but of a significantly lower 
quality than corresponding CdSe and CdTe 
(Fig. 12c). The films were also fairly thin, 
only about 0.2 ML/cycle, compared with 
the 0.4 ML/cycle obtained with CdTe us- 
ing the H-cell, and 1 ML/cycle obtained 
for CdSe. EPMA suggested that the de- 
posits were about 20% rich in S, as well. 
The cycle for CdS deposition had not been 
extensively optimized at that time. Some 
reasonable CdS films were formed using 
the large thin-layer flow cell, as well, but 
have not yet been well characterized. More 
work must be done on the cycle for CdS, 
and it is probable that a program in which 
the potentials are systematically shifted for 
the first 30 cycles will greatly improve the 
deposit quality. 

An automated flow system has also been 
used by Foresti and coworkers to form 
CdS layers, with up to 150 cycles, using 
pH 9.2 solutions for both elements on 
Ag(lll) electrodes [45]. In their case, the 
deposits appeared stoichiometric, without 
the excess S previously observed by this 
group [42]. Their cycle produced relatively 
thin deposits, similar to this author’s, or 
about 1/3 ML/cycle of CdS. 

EC-ALE studies of ZnTe using a TLEC 
were performed with up to 20 cycles of 
deposition [57]. Coulometry was the only 
analysis performed on the deposits. A plot 
of coverage as a function of number of 
cycles was linear, as expected for a surface- 
limited process. No thicker films have as 
yet been formed using the flow-deposition 


system. At present there is no reason 
to believe that the cycle developed for 
20 cycles will not produce good quality 
deposits of any given thickness using the 
automated flow-cell system. 

There has been a report of ZnSe 
thin films formed using EC-ALE in an 
automated deposition system, by the 
Foresti group [44]. Films with up to 31 
cycles were formed, and produced the 
expected linear graph of stripping charge 
versus number of cycles. The slope of the 
graph suggested that the deposits grew 
at a rate of only about 0.14 ML/cycle. The 
reasons for this are unclear; however, most 
of the studies produced by the Foresti 
group have resulted in low coverages per 
cycle. It appears that they are conservative 
with their deposition potentials, and do 
not shift them as the deposits grow. As 
discussed earlier, as long as depositing 
less than an ML/cycle does not result in 
defects, higher-quality deposits may be a 
by-product of such cycles. Their report 
describes very careful coulometric studies 
of both Zn and Se coverages. 

TLEC studies of the first 14 cycles of 
ZnSe growth have been performed by this 
group [57]. That study has resulted in an 
initial set of conditions for an EC-ALE 
cycle, but no thicker films have as yet 
been formed using an automated flow-cell 
deposition system, by this group. 

Several groups have worked on the for- 
mation of ZnS using EC-ALE (Table 1) [23, 
54, 57, 65, 75, 76, 81, 113]. The first study 
was again by TLEC, where it proved diffi- 
cult to quantify stripping coulometry for 
both Zn and S separately for deposits 
formed with more than 5 cycles. Foresti 
and coworkers used a procedure in which 
S was reductively stripped and Zn oxida- 
tively stripped to accurately determine both 
Zn and S coverages from coulometry for 
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deposits formed with a greater number of 
cycles. 

A ZnS cycle was automated using the 
H-cell design, with the idea of form- 
ing phosphor screens for field-emission 
displays (FED) [54]. Doping studies were 
performed with Ag, Cu, and Mn, and will 
be discussed in a subsequent section. The 
films showed evidence of 3D growth and 
roughening, and were rich in Zn (a Zn/S 
ratio of 1.35 from EPMA). XRD showed 
the deposits to be zinc blende ZnS, of 
variable quality, depending on the doping 
scheme. Deposits formed with as many 
as 200 cycles were produced. A plot of 
coverage versus cycle number was expo- 
nential; the coverage per cycle increased 
as more cycles were performed, consistent 
with some 3D growth and roughening. 
SEM of the deposits grown on ITO re- 
vealed small smooth bumps, suggesting 
that the deposits could be layer-by-layer 
growth on 3D nucleation sites. 

From the exponential graph of coverage 
versus cycle number, and the presence 
of excess Zn, it appears that the Zn 
potential was pushed too far negative, 
causing some bulk Zn deposition and 3D 
growth. These ZnS deposits, formed five 
years ago, were deposited using the same 
cycle potentials throughout the deposition. 
Graphs of Zn/S ratio, as a function of 
the number of cycles, indicated that after 
50 cycles the deposits were very close 
to stoichiometric, possibly a little S rich. 
Excess Zn began to show up at the 100- 
cycle point. It is probable that the ZnS 
deposits would be greatly improved, using 
the present hardware and shifting the 
potentials through the first 30 cycles. 

In 1999, Foresti and coworkers pub- 
lished a paper describing the growth ZnS 
and CdS, using their automated deposition 
system [45]. Few details were given at that 


time, however. A paper looking at the pho- 
toelectrochemistry of ZnS films as a func- 
tion of the layer thickness was published 
by Yoneyama and co workers in 2000 [76]. 
Their study involved the growth of films 
of increasing thickness with an increasing 
number of EC-ALE cycles. The deposits 
were studied with photoelectrochemistry 
(photocurrent curves) and clearly showed 
the dependence of the band gap on the 
thickness of the ZnS films. The band gaps 
of deposits formed with more than 4 cy- 
cles, about 1.5 nm, showed the expected 
dependence on thickness. The thinner 
deposits were blueshifted from the bulk 
value of 3.6 eV, to about 4 eV. However, 
deposits formed with less than 4 cycles 
did not display the theoretical exponen- 
tial dependence expected. This work was 
extended by the formation of CdS/ZnS su- 
perlattices [75], discussed in a subsequent 
section. 

InAs was the first III to V compound 
grown using EC-ALE, although there was 
some early work concerned with the for- 
mation of GaAs [68, 95], In those early 
GaAs studies, no more than a single 
ML was ever formed. The major prob- 
lems at that time were the reactivity of 
Ga, and the hardware problems previ- 
ously discussed: lack of oxygen exclu- 
sion and loss of potential control during 
rinsing. 

Indium, on the other hand, is less re- 
active than Ga, making InAs easier to 
form than GaAs. Deposits of InAs of good 
quality have been formed using the au- 
tomated thin-layer flow-deposition system 
(Fig. 3c) [40, 62]. Homogeneous deposits 
have been formed with close to 1 : 1 stoi- 
chiometry. EPMA suggested the deposits 
were somewhat rich in As, as much 
as 20%, but attempts to better optimize 
the deposition potentials did not greatly 
improve the EPMA results. Elemental 
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analysis, using inductively coupled plasma 
mass spectroscopy (ICP-MS), suggested 
these deposits were closer to 5% rich in 
As and that there may have been some In 
loss during EPMA analysis. Figure 20 is an 
XRD pattern for zinc blende InAs, formed 
with 500 cycles. There are no indications 
of As in the XRD. From Fig. 21, a plot of 


the (ahv) 2 versus energy, the band gap was 
estimated to be 0.36 eV, in agreement with 
literature values. Band gaps for the InAs 
deposits appear to be sensitive functions of 
a number of cycle variables. Several sam- 
ples resulted in band gaps closer to 0.44 eV. 
These blueshifts appear to result from 
smaller crystallites, nanoclusters, formed 


Au 



Fig. 20 Glancing-angle XRD pattern of a 270-cycle deposit of InAs. (Adapted from Ref. [62].) 



[eV] 

Fig. 21 Band gap measurement on InAs films formed with 200 cycles, 
obtained from absorption data. (Adapted from Ref. [40].) 
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when the deposition conditions were less 
than optimal. 

AFM images of the InAs films show 
them to be relatively conformal with the Au 
substrate, with some texture, but little 3D 
growth for a 250-cycle deposit. Figure 22(a) 
is an image of an Au on glass substrate, 
annealed at 550 °C for 12 h. Figure 22(b) is 
of an equivalent substrate onto which 250 
cycles of InAs have been grown. 

The InAs program involved slowly 
shifting the potentials for In and As 
deposition negatively for the first 25 cycles, 
and then holding them constant. Figure 23 
is a graph of cycle potentials as a function 
of the number of cycles. The progression 
is essentially exponential, asymptotically 
approaching the steady state values, as the 
junction potential is built up. 

The thickness dependence of the InAs 
deposits as a function of the As deposition 


potential is shown in Fig. 24. At posi- 
tive potentials, above —0.6 V, little de- 
posit is formed, as would be expected. 
Below —0.6 V, a relative plateau is ob- 
served, but which gradually increases be- 
tween —0.625 and —0.775 V. Below about 
—0.7 V, the deposits correspond to more 
than 1 ML/cycle, and some roughening 
is evident with optical microscopy. Be- 
low —0.775 V, the coverages measured 
with ellipsometry drop to the 1-ML/cycle 
level, but microscopy shows the deposits 
to be roughened and sandy. Coverage 
measurements with EPMA also indicate 
that these deposits are rich in As, and 
there is a significant increase in cov- 
erage, as expected, demonstrating that 
the ellipsometry readings were faulty at 
these negative potentials. The As poten- 
tial was driven too far negative, and some 
bulk As was formed for each cycle. The 
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Fig. 22 AFM images of (a) the Au on glass substrate, annealed at 550 °C for 12 h and 

(b) equivalent substrate onto which an InAs deposit has been formed with 200 cycles of 
deposition. 
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Fig. 23 A graph of the deposition potentials for In and As as a function of 
the cycle number in the growth of InAs. (Adapted from Ref. [62].) 
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Fig. 24 A graph of deposit thickness as a function of the potential used to 
form As atomic layers. Each deposit was made with 200 cycles of 
deposition. (Adapted from Ref. [62].) 



best deposits were those where the As 
potential was between —0.6 and —0.7 V: 
where the deposits did not appear rough, 
had dose to 1 : 1 stoichiometry, and IR 
absorption indicated a band gap close 
to 0.36 eV. 

The dependence of the InAs film 
thickness on the In potential used is 
shown in Fig. 25. Again, little deposition 
occurs for potentials above —0.7 V. There 
is a plateau between —0.725 and —0.8 V, 
where deposits grow at close to 1 ML/cycle, 
and the deposit thickness increased below 
—0.8 V, as some bulk In began to form 
for each cycle, creating a rough deposit. 


Again, the thickness measurements at 
these negative potentials, determined with 
ellipsometry, appear faulty, consistent 
with the roughening observed. The best 
deposits were grown in the potential range 
between —0.725 and —0.8 V. 

The importance of the substrate struc- 
ture on the quality of the resulting de- 
posit cannot be overemphasized. Figure 26 
shows two reflection transmission IR spec- 
tra for InAs. The InAs was grown on an Au 
on glass substrate that had been carefully 
annealed. Then, half the substrate was cov- 
ered, and more Au was vapor-deposited 
on one half at room temperature. The 
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[V] 

Fig. 25 G raph of the deposit thickness as a function of the In potential 
used. (Adapted from Ref. [62].) 



Fig. 26 IR reflection transmission spectra for InAs films formed on smooth 
annealed Au surface and roughened Au surface. Substrate was formed by taking 
a well-annealed, smooth Au on glass substrate and vapor-depositing more Au 
on one half, at room temperature, so that a series of 40 bumps were formed 
over one half of the surface. The two deposits were subsequently formed in the 
same electrodeposition run. (Adapted from Ref. [114].) 


room-temperature Au greatly roughened 
half of the substrate (Fig. 27). The results 
are evident in Fig. 26, where the absorp- 
tion of the InAs grown on the smooth 
side is characteristic of bulk InAs, while 


that on the roughened side is signifi- 
cantly blueshifted. The blueshift is the 
result of the substrate structure causing 
the formation of a nanocrystalline InAs 
deposit. 
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Fig. 27 AFM images of an Au on glass substrate that had been well annealed, and then half 
of it was covered. More Au was vapor-deposited on the other half at room temperature, 
forming a surface composed of40-nm Au hemispheres. (Adapted from Ref. [114].) 


Given positive results with InAs, it was 
felt that InSb could be grown using EC- 
ALE, since the voltammetry of Sb is 
more straightforward than that for As. 
That is, Sb +3 solutions have well-defined, 
relatively reversible UPD features (Fig. 28), 
while As +3 solutions show significant 
irreversibility (Fig. 6e). In addition, it has 
been shown that As is easily reduced 
to arsine species at modestly negative 
potentials [68, 95], making it difficult to 
keep in the deposit if other steps in the 
cycle are performed at overly negative 
potentials, one of the basic problems 
with GaAs formation by EC-ALE. The 
potentials for Ga deposition were too 
similar to those where As is reduced to 
arsine. There are reports in the literature 
describing the reductive conversion of Sb 
to stibine, HjSb, or related species [110, 


115-119]; however, reduction of Sb, under 
the conditions used by this group, was very 
difficult. The stability of elemental Sb over 
a large potential range suggested that InSb 
formation would be tractable. 

The potentials used to form InSb 
were applied in a roughly exponential 
progression, as with InAs, through the 
first 30 cycles. Figure 29 shows the (111) 
XRD peak for zinc blende InSb, from 
a film formed with 200 cycles on a Cu 
substrate. The poor quality of the XRD 
appears to result from the small grain size 
in the deposit, as seen in the AFM image 
in Fig. 30(b). The surface is composed of 
smaller crystallites than the corresponding 
InAs deposits (Fig. 30a). The origin of 
this difference appears to be the lattice 
constants, again. If we assume that the 
interface is similar to that for CdTe (zinc 
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Fig. 28 Voltammetry for Sb deposition on Au, from a solution of Sb 2 C> 3 , pH 5, 
0.10 M NaCIO/t, and approximately 50 gM Sb. (Adapted from Ref. [62].) 


InSb 



29 

[degrees] 

Fig. 29 XRD pattern of the (111) peak for zinc blende InSb, formed with 200 
cycles on a Cu substrate. (This figure was adapted from Ref. [62].) 

blende) on Au(lll), then there should formation of CuInSe 2 , CIS, over the last 
again be the 2:3 match between the 17 years [120-132]. A number of electrode- 
compound and the Au surface. The lattice position methodologies have been used, 
mismatch for InSb would be 6%, as it including codeposition and a number of 
was for CdTe and Au, as CdTe and InSb two-stage methodologies. The impetus of 
have the same lattice constant (0.648 nm), that work has been the excellent photo- 
while InAs and CdSe have the same lattice voltaic properties of CIS. 
constant (0.606 nm), resulting in a much Initial TLEC studies developing an EC- 
better lattice mismatch, only 1% with Au. ALE cycle to form CIS were published 
There have been a number of stud- in 1996 [96]; however, a complete cycle 
ies directed toward the electrochemical was not accomplished at that time. Steps 
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Fig. 30 AFM images of (a) 200 cycles of InAs and (b) 200 cycle of InSb, both on Au on glass 
substrates. 


involving Se UPD, followed by Cu, Se, In, 
and then Se again were successful. How- 
ever, keeping In on the electrode while the 
next atomic layer of the significantly more 
noble Cu was deposited, has proven prob- 
lematic. Presently, these studies are being 
revisited using the automated flow-cell de- 
position system, and Cu complexation is 
being used to shift its deposition potential 
to more closely match that of In. However, 
problems persist in keeping the In in the 
deposit. To better understand the mech- 
anism for CIS formation, studies of the 
EC-ALE formation of In 2 Se 3 and Cu 2 Se 
have begun. 

It appears that some Cu 2 Se has been 
formed, but not a pure phase. Work is con- 
tinuing on the deposition conditions to 
see if different phases can be formed, and 
some very interesting deposit morpholo- 
gies have been produced. The In 2 Se 3 films 


are more problematic. Deposits have been 
made, which visually look very good, but no 
peaks have as yet been observed with XRD, 
besides those due to the Au substrate. Pos- 
sible reasons for the absence of XRD would 
be the fact that the films are probably less 
than 100-nm thick, have small crystallites, 
and the pattern for In 2 Se 3 has many peaks. 
Figure 31 is an AFM image of one of the 
deposits. EPMA indicates that the deposits 
are close to stoichiometric. Reflection ab- 
sorption measurements give a band gap of 
1.6 eV, while there are various reports of 
band gaps between 1.5 and 1.8 eV in the 
literature [97]. 

4.2.4. 1 Toward Crowing Device Structures 

There are a number of ways to intro- 
duce dopants into an EC-ALE deposit. 
For instance, they can be introduced 
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Fig. 31 An AFM image of a 200-cycle deposit of ln 2 Se 3 . (Adapted 
from Ref. [97].) 


homogeneously throughout the deposit 
or delta doped into the structure. For a 
relatively homogeneous distribution, low 
concentrations of oxidized precursors can 
be incorporated into the reactant solu- 
tions. By using very low concentrations, 
the amounts incorporated in each atomic 
layer will be limited. The dopant can also be 
incorporated in its own cycle step. Again, 
a low concentration would be used so that 
some fraction of an atomic layer is in- 
troduced for each cycle. Alternatively, a 
delta-doping scheme can be constructed 
where a fraction of an atomic layer of 
dopant is deposited for every set number 
of cycles. Any of these scenarios is a simple 
modification of the EC-ALE program. 

Initial doping studies of ZnS were run 
with the idea of forming phosphor screens 
for flat-panel display applications [54], as 
noted earlier. Some of the most important 


commercial phosphors are based on ZnS, 
as a host material, with metals such as 
Ag, Cu, and Mn as activators. In that ini- 
tial EC-ALE doping study, ZnS films were 
formed on Au and ITO substrates. Two 
methods were used, codeposition of the 
dopant with the Zn atomic layers and use 
of a separate delta-doping step every tenth 
cycle. No detectable dopant was found 
using EPMA, except for the case where 
Ag was codeposited with the Zn atomic 
layers. In that case, about 1/5 ML/cycle 
of Ag was deposited, probably replacing 
Zn. From XRD, the quality of the de- 
posit was significantly degraded by the 
excess Ag incorporation. The amount of 
activator (Ag) was greatly in excess, judg- 
ing by commercial ZnS phosphors. As 
noted, the Mn codeposited with Zn was not 
detectible with EPMA; however, cathodo- 
luminescence of a deposit grown on ITO 
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Fig. 32 Cathodoluminescence of a Mn-doped ZnS thin film, 
grown on ITO. (Adapted from Ref. [54].) 


resulted in the emission spectrum shown 
in Fig. 32, which is characteristic of Mn. 

4. 2. 4. 2 Diodes 

There are a number of papers in the litera- 
ture concerning formation of compound 
semiconductor diodes by electrodeposi- 
tion, the most popular structure being a 
CdS-CdTe-based photovoltaic. In general, 
CdS was deposited first on an ITO on glass 
substrate, followed by a layer of CdTe, 
usually by codeposition [133-143]. 

So far, there has been little work done 
on the formation of hetero junctions using 
EC-ALE. One study, however, performed 
by Shannon and coworkers, involved the 


growth of CdS on Au, using EC-ALE, 
which was then capped with a single ML 
of HgS [94]. The HgS capping layer was 
deposited in two ways, one using EC-ALE 
and the other by chemical exchange. The 
chemical step involved exchange of the last 
layer of Cd in a solution containing Hg 
ions. The deposits were studied with STM, 
electrochemistry, and photoluminescence. 
Photoluminescence showed excellent cou- 
pling between the electrodeposited HgS 
layer and the underlying CdS, while photo- 
luminescence from the chemically formed 
layer was not nearly as good. 

Sailor and Martin and coworkers grew 
an array of CdSe-CdTe nanodiodes [144] 
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in alumite (anodized aluminum, which 
forms hexagonal arrays of 200-nm pours 
[145 - 149]) using a compound electrodepo- 
sition methodology called sequential mono- 
layer electrodeposition (SMED) [144]. SMED 
involves a potential sequence in a single 
electrochemical bath to promote layer-by- 
layer growth and to minimize accumula- 
tion of elemental Se [150]. Current voltage 
measurements on the array revealed the 
rectifying behavior expected of diodes. 

The first electrodeposition of a com- 
pound superlattice was by Rajeshwar and 
coworkers [151], where layers of CdSe 
and ZnSe were alternately formed us- 
ing codeposition in a flow system. That 
study was proof of concept, but resulted 
in a superlattice with a period signif- 
icantly greater than would be expected 
to display quantum confinement effects. 
There have since been several reports of 
very thin superlattices formed using EC- 
ALE [73, 75, 85, 113]. Surface-enhanced 
Raman (SERS) was used to characterize 
a lattice formed from alternated layers 
of CdS and CdSe [85]. Photoelectrochem- 
istry was used to characterize CdS/ZnS 


lattices [75, 113]. These EC-ALE-formed 
superlattices were deposited by hand, 
where the cycles involved manually dip- 
ping or rinsing the substrate in a sequence 
of solutions. 

Thicker EC-ALE-grown superlattices 
have recently been formed using the au- 
tomated flow-deposition system [62]. A 
number of InAs/InSb superlattices have 
been formed, using a combination of cy- 
cles similar to those described in the 
preceding text for InAs and InSb. As su- 
perlattices are composed of alternating 
layers of two or more compounds, they 
are characterized by their period, or the 
repeat thickness (Fig. 33). The superlat- 
tices of InAs/InSb formed in this group 
were built with 10 cycles of InAs, fol- 
lowed by 10 cycles of InSb, making one 
period. A 30-cycle layer of InAs was first 
formed on an Au on glass substrate, before 
the lattices were grown, in order to help 
develop the junction potential. However, 
every time the compound was changed, 
twice each period, a new junction was 
formed. Experimentally, it appeared that 
the potentials needed to deposit the next 


Repeat 

unit 



InSb 


InAs 


Fig. 33 Schematic diagram of a 
superlattice. 
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compound layer had to be adjusted with 
each cycle. 

Figure 34 is a graph of the potential 
program used to grow the first 100 cycles 
of an InAs/InSb superlattice. Experience 
showed that the potentials had to be 
changed for both elements for each 
cycle. Those potentials and changes were 
determined experimentally, and were not 
extensively optimized. Figure 34 shows 
that the potentials for As and Sb were each 
shifted to lower potentials with successive 
cycles in each half period. On the other 
hand, the In potential was increased 
during the InSb half period, and decreased 
during the InAs half period. At present, 
these potential changes were arrived at 
by observation. It is hoped that feedback 
can be incorporated to account for and 
optimize the progressions or that the 
potential shifts can at least be modeled. 

Given the lattice mismatch of InAs 
(a = 0.606 nm) with InSb (a = 0.648 nm), 
about 6.5%, defects are expected. At best 
a strained-layer superlattice would result. 
Figure 35 is an XRD pattern for a 41- 
period InAs/InSb deposit, where each 
period was 10 cycles of InAs followed by 
10 cycles of InSb. The central [110] re- 
flection is near 28° and is quite broad. 


Superlattices should display satellite peaks 
at angles corresponding to the period 
of the lattice [152]. Given that the in- 
terplaner spacings, in the [110] direction, 
are 0.35 nm for InAs and 0.374 nm for 
InSb, ideally, a period composed of 10 ML 
of each should be 7.24-nm thick. Using 
Bragg’s law, with 0.1789-nm X rays, the 
angle between the primary peak and its 
satellites should be 0.71°. Figure 35 sug- 
gests the presence of two shoulders, each 
about 0.93° from the central peak. The 
quality of this preliminary XRD pattern 
is bad, but the symmetric shoulders are 
evident. On the basis of 0.93°, the pe- 
riod for the superlattice appears to be 
closer to 5.5 nm, suggesting that about 
3/4 ML/cycle was actually deposited. 

Elemental analysis with ICP-MS was 
performed on a dissolved piece of the 
superlattice, and indicated a deposit com- 
position of Ino.49Aso.37Sbo.14. It was grat- 
ifying to find the deposit close to 50% 
In, as expected. However, there appears 
to be significantly more As than Sb. The 
deposit was started with 30 cycles of an 
InAs buffer layer, so the deposit should 
be about 10% higher in As than Sb, but 
there was significantly more than 10% ex- 
cess As over Sb. The absolute coverages 
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Fig. 34 Deposition potential versus cycle number for an lnAslO/lnSblO-41X 
superlattice: In (solid line), As (dot dash), Sb (dash). (Adapted from Ref. [62].) 
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Fig. 35 G razing incidence angle X-ray diffraction (XRD) pattern of an 
lnAslO/lnSblO-41X superlattice. The incident angle was 0.50°. (Adapted 
from Ref. [62].) 



Fig. 36 Reflection IRofan lnAs!0/lnSbl0-41X superlattice. (Adapted from 
Ref. [62].) 
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from ICP-MS were about 10% less than redshifted from pure InSb, it is probably a 

would be expected if an ML was deposited Type II superlattice [154], 

for each cycle, suggesting somewhat more 

than the 3/4 ML/cycle, as indicated by the Acknowledgment 

XRD satellite peaks, was deposited. The 

extra material is easily understood if the Acknowledgment is made to the National 
substrate is considered slightly rough. A Science Foundation, Divisions of Chem- 
roughness factor (RF) of 1.15 would ratio- istry and Materials for support of this work, 
nalize the ICP-MS and XRD results, where 
an RF of 1.0 corresponds to an atomically References 


flat surface. One explanation of the dispar- 
ity between As and Sb is that close to a full 
ML of InAs was deposited for each cycle, 
while the coverage of InSb was closer to 
a 1/2 ML/cycle. This conclusion is consis- 
tent with the fact that the InSb cycle had 
not been well optimized. 

Figure 36 is an IR reflection- 
transmission spectrum taken from 
the superlattice deposit. Very strong 
adsorption is evident at higher wave 
number, nearly 0% transmission, for the 
250-nm-thick superlattice deposit. The 
deposit starts to absorb at very low 
energies, near 1000 cm" 1 . Problems with 
the spectrometer’s beam splitter make it 
hard to get a clear measure of the leading 
edge of the absorption, and thus a band gap 
measurement. However, a comparison 
was made between the absorptivity of the 
superlattice and that of a single crystal of 
InSb, the superlattice component with the 
lower band gap, around 1300 cm -1 . The 
absorptivity of the superlattice was about 
20 times greater than that for single crystal 
InSb, indicating that the superlattice is 
redshifted from InSb. If the deposit was 
an alloy, InAs. v Sbi_ A , the band gap should 
be blueshifted from InSb, assuming it is 
a linear function of the mole fractions of 
As and Sb, and the band gaps for the two 
compounds, or about 0.3 eV [153]. These 
results strongly indicate that the deposit 
is not an alloy, and since the band gap is 
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4 . 3.1 

Introduction 

The remarkable catalytic properties of 
electrode surfaces modified by monolayer 
amounts of metal adatoms obtained by 
underpotential deposition (UPD) have 
been the subject of a large number 
of studies during the last couple of 
decades. This interest stems from the 
possibility of implementing strictly surface 
modifications of electrocatalysts in an 
elegant, well-controlled way, and these 
bimetallic surfaces can serve as models for 
the design of new catalysts. In addition, 
some of these systems may have potential 
for practical applications. The UPD of 
metals, which in general involves the 
deposition of up to a monolayer of metal 
on a foreign substrate at potentials positive 
to the reversible thermodynamic potential, 
facilitates this type of surface modification, 
which can be performed repeatedly by 
potential control. Recent studies of these 
surfaces and their catalytic properties by 
new in situ surface structure -sensitive 
techniques have greatly improved the 
understanding of these systems. 

In the mid-seventies, it was demon- 
strated that UPD metal adatoms can 
produce electrocatalytic effects on various 
electrochemical reactions. These include 
oxidation of small organic molecules, oxy- 
gen reduction, reactions of electroorganic 
synthesis, electrodeposition of metals, and 
charge transfers in redox couples. The 
oxidation of organic molecules that are 


potential fuels for fuel cells attracted 
special attention. In the electrodeposition 
of metals, in addition to causing catalytic 
effects, the UPD metal adlayers can cause 
dramatic improvement in the morphology 
of the deposits. Inhibition is also often ob- 
served, in particular, for H 2 evolution and 
hydration of hydride-forming metals by 
the adlayers of metals with high hydrogen- 
evolution overpotentials. Two reviews exist 
on the work prior to 1984 [1] and 1985 [2]. 

In this review, after a brief overview of 
the structural and electronic properties of 
metal adlayers, there are six sections de- 
scribing catalytic effects on redox couples, 
oxidation of organic molecules, carbon 
monoxide, organic electrosynthesis reac- 
tions, hydrogen evolution, oxygen reduc- 
tion, and metal electrodeposition. Outside 
the scope of this review are other UPD pro- 
cesses that play a role in determining the 
catalytic properties of electrode surfaces 
such as the UPD of H and OH. 

4 . 3.2 

Structural and Electronic Properties of 
Electrode Surfaces with Metal Adlayers 

Structural and electronic properties of elec- 
trode surfaces covered by foreign metal 
adlayers (usually with submonolayer cov- 
erage) are expected to be considerably 
different from either those of the substrate 
or the adsorbate bulk metals. The struc- 
ture of the top surface layer will be that of 
the adlayer, determined by the substrate 
surface structure, adatom size and cover- 
age, substrate-adsorbate interaction and 
in some systems, by interaction with coad- 
sorbed anions (see Section 3.2, Chapter 3 
in this volume). Major advances in the 
understanding of metal adlayer structural 
behavior have been achieved by recent ap- 
plications of in situ scanning probes [3] 
and surface X-ray scattering techniques [4]. 
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In general, for high-coverage metal adlayer 
phases that form at potentials close to 
the reversible potentials of bulk deposi- 
tion, incommensurate and hexagonal or 
quasi-hexagonal structures are common. 
The interatomic distances are potential- 
dependent, often having values below the 
distances in bulk materials. This phe- 
nomenon has been termed electrocompres- 
sion. Commensurate adlayer structures are 
less common and usually form with coad- 
sorbed anions. 

The structural studies with single-crystal 
surfaces have clarified to a large extent 
the questions of electrosorption valences 
and partial charge of metal adatoms at 
large adatom coverages. Close to the re- 
versible deposition potential, the adatoms 
are neutral species; otherwise, the electro- 
compression would not be observed. In 
low-coverage phases, electrosorption va- 
lences below unity may be expected, with 
the charge on the adatoms usually com- 
pensated by the coadsorbed anions. 

The work function of the metal surface 
is considerably altered by the adsorption of 
foreign atoms. This is well established at 
the metal-vacuum interface. Pb adlayers 
on Ag cause a pronounced decrease in the 
work function with increasing Pb cover- 
age [5]. A similar change can be expected 
at the electrode surface. The potential of 
zero charge (PZC) of the electrode sur- 
face, which is directly related to the work 
function, has been determined for the Pb 
adlayer on polycrystalline Ag. A value close 
to that was found for bulk Pb [6]. 

Optical properties of metal adlayers were 
extensively studied in the late seventies 
by reflectance spectroscopy, ellipsometry, 
surface plasmon excitation, and Mosbauer 
spectroscopy (See Refs. [1] and [2], and ref- 
erences therein). Pronounced changes of 
reflectivity are caused by the UPD adlay- 
ers, in particular, on substrates that exhibit 


large electroreflectance signals, namely, 
Au, Ag, and Cu. The optical properties of 
submonolayers and monolayers of metals 
were found to be markedly different from 
the properties of bulk phases. New insights 
into electronic properties of these systems 
have been obtained by application of syn- 
chrotron radiation-based X-ray absorption 
techniques (XAS). The X-ray absorption 
near-edge structure spectroscopy (XANES) 
measurements of Pb on Pt show that in 
the UPD region the Pb species are essen- 
tially neutral Pb atoms [7]. Figure 1 shows 
the effect of changes in potential on the 
normalized Pb XANES. The XANES in- 
dicate the presence of neutral species at 
all potentials except at 1.15 V where Pb is 
desorbed and the spectra indicate the pres- 
ence of Pb 2+ . There was no evidence of Pb 
interaction with oxygenated species in the 
UPD region. 

The electronic properties of a monolayer 
of Pb [8] and T1 [9] on Ag(lll) electrode 
surfaces have been calculated by using a 
density functional formalism. Calculations 
show that, as for metal surfaces in general, 
the excess charge in the electronic-density 
profile lies in front of the metal surface. 
The work function of the T1 monolayer on 
Ag(l 1 1) was found to be close to the bulk T1 
value [9]. For a Pb monolayer, calculations 
predict almost the same interfacial capacity 
as for a surface of Pb(lll). The latter result 
is in accord with the experimental data for 
polycrystalline Ag [6]. 

4.3.3 

Electrocatalysis on Surfaces Modified with 
Metal Adlayers 

4. 3. 3.1 Redox Reactions 

The effects of the UPD adlayers on the 
rates of electrode reactions were first inves- 
tigated for the Fe 2+ /Fe 3+ and Ti 3+ /Ti 4+ 
redox reactions on Au, which were found 
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Energy (Relative to Pb L 3 edge 13055 eV) 

[eV] 

Fig. 1 Normalized Pb XANES spectra for Pb on Pt at various potentials: 

—0.24 V ( ), 0.25 V (positive sweep) ( ), 0.25 V (negative sweep) 

(._ . _.y 0.6 V( ), and 1. 15V (...). (Reproduced with permission 

from Ref. [7].) 

to be slightly increased by adlayers of in the double layer. This effect could ac- 

several metals [10]. The energy levels in- count for the small increase of the redox 

volved in the redox reactions are those reactions by metal adlayers. Even in the ab- 

of the adsorbates, not of the substrates, sence of trace amounts of chloride, small 

and these systems seemed ideal to provide enhancements in the Fe 2+ /Fe 3+ reaction 

insights into the unresolved question of rates caused by Bi on Pt and Ag on Au 

the role of the nature of the metal elec- were found. No effect was observed for a 

trode in the kinetics of the outer-sphere Cu adlayer on the reaction on Au. Rhodes 

redox reaction. The charge transfer in these and coworkers [12] found an enhanced rate 

“noncatalytic” reactions takes place in the of a Cr 3+ /Cr 2+ reaction in HC1 on Au by 

outer Helmholtz plane. Consequently, it Bi, Pb, Tl, and Sn adlayers, and attributed 

should not be significantly affected by this to the enhanced adsorption of Cl - in 

the metal adlayer. The data reported so the presence of adatoms. Chlorides make 

far are in accord with this statement (cf. bridges that are necessary for this complex, 

Refs. [1] and [2]), thus confirming a small inner-sphere, and redox couple reaction to 

role that the nature of the metal elec- occur. 

trode has these reactions. In a recent work, Several mechanisms have been pro- 
Nagy and coworkers [11] took special care posed to explain the small enhancement 

to remove traces of chlorides that can be effects of metal adatoms. A change in PZC 

coadsorbed with metal adatoms and that caused by metal adlayers should induce a 

can increase the concentration of cations change in the >p 2 potential and thus affect 
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the rate of redox couples. The calculations 
of the tp 2 potential in 1 M H 2 SO 4 solu- 
tion using PZC for bulk Bi showed that 
the effect is too small to explain the ob- 
served rate increase [13]. The density of 
electronic states at the Fermi level was 
considered by Adzic and Despic [10] and 
analyzed in detail by Schmickler [14]. He 
suggested that the difference between the 
adsorbate density of states at the sol- 
vent configuration corresponding to the 
saddle-point of the reaction hypersurface 
and the density of states of the metal 
electrode could explain the catalytic ef- 
fects. The expression for the current was 
derived in terms of the adsorbate den- 
sity of states. Nagy and coworkers [11] 
reported electronic structure calculations 
using the extended Huckel molecular- 
orbital method to determine whether the 
magnitude of the electronic coupling in 
the presence of adlayers can cause cat- 
alytic effects. For the reaction at the 
Cu adlayer on Au, the calculation shows 
that the ion can approach 0.04 ± 0.02 nm 
closer to the Cu/Au surface than to the 
bare Au surface. This can increase the 
electronic factor by 2 to 14 times, thus 
increasing electronic coupling and the re- 
action rate, although the nature of the 
electronic coupling remains unchanged. 
Iwasita and coworkers [15] found no effect 
of Pb and T1 adatoms on Pt on the rate of 
a very fast Ru(NH 3 ) 6 2 + /Ru(NH 3 ) 6 3+ cou- 
ple. Fonseca and coworkers [16] measured 
the effects of Pb, Bi, and Cd on the rates of 
Fe 2 + /Fe 3+ , Fe(CN) 6 4 -/Fe(CN) 6 3 -, and 
IrCl 6 3 - /IrCl 6 2- redox reactions, and con- 
firmed small enhancements of the rates of 
these redox couples. 

In contrast to the simple redox reactions, 
the rates of the redox processes involving 
organic couples are considerably increased 
by metal adlayers on electrode surfaces. 
Some examples include quinhydrone. 


pyrocatachol/o-benzoquionone, adrena- 
line /adrenalinquinone, and other quinone- 
type redox couples [2]. Figure 2 shows 
data obtained for the pyrocatechol/ 
o-benzoquionone system on Pt/Bi at j. A 
considerable increase in reversibility cau- 
sed by metal adlayers has been attributed 
by Kokkinidis [17] to the change of the reac- 
tion mechanism, from an “inner-sphere” 
mechanism on a Pt surface with adsorbed 
intermediates to an “outer-sphere” reac- 
tion on Pt/M a( j surfaces without adsorbed 
intermediates. Fonseca and coworkers [16] 
confirmed large effects of Pb, Bi, and Cd 
on the rates of several types of hydro- 
quinone/quinone couples. 

4. 3. 3. 2 Oxidation of Organic Molecules 

4. 3. 3. 2.1 Formic Acid Catalytic effects of 
various magnitudes, some quite striking, 
are caused by monolayers of Pb, Bi, Tl, 
Cd, Sn, Sb, Se, and Ge on the oxidation 
of organic molecules that are potential 
fuels for fuel cells, namely, HCOOH, 
CH 3 OH, HCHO, CH 3 CHO, CO, glucose 
and other monosaccharides, ethylene gly- 
col and some aliphatic alcohols on Pt, as 
well as on some other platinum metals 
(see reviews of previous work in Refs. [1, 
2]). Slow rates are characteristic of the ox- 
idation of these organic molecules even 
with the best catalysts because of the 
generation of strongly bonded interme- 
diates - poisoning species - that reduce 
their activity. Upon adsorption, dehydro- 
genation and subsequent oxidation of 
adsorbed hydrogen are fast reactions that 
leave strongly bonded fragments on the 
surface. Their oxidations require very pos- 
itive potentials that are impractical for fuel 
cell applications. The UPD metal adatoms 
can reduce the poisoning effects by several 
mechanisms (vide infra), thus causing the 
catalytic effects. 
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Fig. 2 Current-potential curves for a mixture of pyrocatachol (1 mM) and 
o-benzoquinone (1 mM) on Pt and Bi/Pt rotating disk electrodes in 0.5 M 
HCIO 4 with 1 mM Bi(CI0 4 ) 3 - Sweep rate 10 mV s _1 . Rotation frequency 
(1) 12.5, (2) 25, (3) 50 and (4) 75 Hz. (Reproduced with permission from 
Ref. [2].) 


There is a consensus regarding the 
mechanism of the oxidation of formic 
acid on Pt, which involves a dual-path 
mechanism [18, 19] with direct oxidation to 
CO 2 , and an indirect mechanism through 
a blocking intermediate: 

reactive intermediate > CO 2 (£ 1 ) 



blocking intermediate > CO 2 (£ 2 ) 

( 1 ) 

where £2 > E\. An indication for the dual- 
path mechanism is provided by isotope- 
labeling experiments of Heitbaum and 
coworkers [20, 21]. Strong evidence for the 
reactive intermediate branch comes from 
infrared (IR) spectroscopy data showing 


generation of CO 2 at potentials where 
CO is not oxidized [22]. On the basis 
of a kinetic isotope effect for the ox- 
idation of HCOOH and DCOOH on 
Pt(lll) and Pt(100), it was concluded that 
the rate-determining step is H— C bond 
scission [23]. 

The nature of the strongly bound inter- 
mediate in the oxidation of formic acid, 
methanol, and formaldehyde has been a 
long-disputed issue. CO appears to be 
the principal poisoning adsorbate, while 
other adsorbates, such as COH and CHO, 
are difficult to detect. These species ap- 
pear less stable than CO and may be 
slow-reacting intermediates [24], In the ox- 
idation of HCOOH on Pt, COH and/or 
CHO were proposed as poisoning species 
on the basis of coulometric determination 
of a number of electrons per site (e.p.s.) 
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used for the oxidation of adsorbate [18, 
19], differential electrochemical mass spec- 
trometry (DEMS) [20], and radiotracer 
measurements [25]. Bewick and cowork- 
ers [26] employed electrochemically mod- 
ulated IR spectroscopy (EMIRS), which 
clearly identified CO as the poisoning 
species. This was strongly supported by 
further work [27]. Two e.p.s. were found 
for several single-crystal surfaces, which 
also suggest that CO is a poison [24, 28]. 
More details on this topic can be found in 
reviews in Refs. [29-31]. 

The mechanism of the catalytic ac- 
tion of metal adlayers in the oxida- 
tion of organic molecules has been in- 
terpreted by using several models in- 
cluding a “third-body” effect, an elec- 
tronic effect, and the bifunctional catalyst 
mechanism. 

1. Third-body effect: A third-body effect, 
which is equivalent to an “ensem- 
ble” effect in heterogeneous catalysis, 
is based on the role of metal adatoms in 
blocking the surface sites for a side re- 
action that generates poisoning species, 
or in blocking the adsorption of the in- 
hibiting species, which requires more 
than one surface site for adsorption. 
The reaction in the main pathway can 
proceed at the unoccupied sites that 
now form smaller ensembles. In this 
model, adatoms do not enhance the 
rate on the uncovered substrate sites. In 
electrocatalysis, the effect was proposed 
by Conway and coworkers [32] to inter- 
pret the effect of acetonitrile on formic 
acid oxidation on Pt. The third-body 
effect is operative for any adsorbate 
statistically distributed on the surface 
that is not desorbed upon adsorption of 
reacting species and intermediates of 
reactions. 


2. Bifunctional mechanism: The bifunc- 
tional mechanism, often used in catal- 
ysis, has been considered in electro- 
catalysis by Cathro [33] and Shibata and 
Motto [34]. The surface is considered 
to have two types of sites that have 
distinct roles in the reaction. The sub- 
strate, such as Pt, breaks the bonds 
in organic molecules upon adsorption, 
while the adatom can adsorb oxygen- 
containing species that can oxidize 
strongly adsorbed intermediates such 
as CO. Oxygen adsorption on adatoms 
is expected to occur at potentials nega- 
tive of oxygen adsorption on Pt. This 
facilitates CO oxidation at potentials 
more negative than on bare Pt, thus 
freeing the surface for the main reac- 
tion. 

3. Electronic effects: Electronic effects can 
result from the modifications of the 
properties of uncovered near-neighbor 
sites and next near-neighbor sites. The 
adatoms modified in the interaction 
with substrates, may, per se, take part 
in reactions. 

Striking catalytic effects observed in the 
oxidation of formic acid on Pt modified by 
Pb and Bi adlayers are shown in Fig. 3 [35]. 
Currents in anodic sweeps are enhanced 
by almost two orders of magnitude, which 
is also observed in steady state mea- 
surements [35-37]. Figure 4 shows quasi- 
stationary curves for the Pb/Pt system as 
a function of Pb coverage. (Metal adatom 
coverages are defined in two ways through- 
out the literature reviewed in this text. 
According to one definition, the cover- 
age is defined as the ratio between the 
number of covered and total number of 
substrate atoms. The coverage is also de- 
fined as a number of atoms of adsorbate 
per one atom of substrate. The latter defi- 
nition is being used more often. For large 
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Fig. 3 Oxidation of HCOOH (0.26 M) on Pt with Pb and Bi adlayers (full 
lines) and on bare Pt (dashed line) in 1 M HCIO 4 . Lead concentration 1 mM; 
sweep rate 50 mV s^ 1 . (Reproduced with permission from Ref. [35].) 

adatoms, the difference in the coverage in HCOOH oxidation, while Pb decreased 
values from the two definitions can be the coverage of the bridge-bonded CO [24]. 
very large. In order to simplify compar- Catalytic effects were observed with other 
ison of results and to preserve the link platinum metals, namely, Rh, Pd, and 
to the original work when the coverages Ir [41]. Smaller enhancements were ob- 
are given according to the first definition, served than with Pt, the smallest being 
approximate coverages calculated by us- observed with Pd [42], which is the least 
ing the second approach are appended in poisoned Pt metal. The catalytic effects of 
parentheses.) For the optimum coverage less common UPD systems such as Se, 
of dpi, = 0.73(0.36) the enhancement is Ge, As, and Te [43-45], Hg [38], Ag, and 
about three orders of magnitude as cal- Cu [1] on Pt have also been reported and 
culated per Pb-free Pt surface. Similar are smaller than those observed with Pb 
effects were observed with T1 adlayers [35, and Bi. 

38, 39], but the effects of Cd are consider- The results of the studies with single- 
ably smaller [35]. Cd was partially desorbed crystal electrodes [46-51] have demon- 
by HCOOH and reaction intermediates, strated the existence of a structural 
while the Pb coverage was unaffected, dependence of the magnitude of the cat- 
as determined by reflectance spectroscopy alytic effects. The role of the adlayer 
measurements [40]. In accordance with structure in determining the observed 
this observation, IR measurements show dependence has not been clearly deter- 
no effect of Cd on CO adsorbate on Rh mined so far. In most studies, the adlayer 
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Fig. 4 Q uasi-stationary current-potential plots for HCOOH (0.5 M) 
oxidation on sputtered Pt modified by Pb adlayer and HCOOH adsorbates in 
0.1 M HCIO 4 . Current taken 2 min after stepping the potential. The current 
density is given with respect to the free-Pt surface (16% of the whole surface). 
(Reproduced with permission from Ref. [37].) 


structures were derived from coverages 
obtained from voltammetry. It is, however, 
necessary to determine adlayer structures 
during the course of HCOOH oxidation be- 
cause of the sensitivity of adatom ordering 
to the interaction with other adsorbates. 
For instance, in situ X-ray scattering tech- 
niques show that the ordered (3 x ^3) 
Pb adlayer on Pt(lll) vanishes during 
HCOOH oxidation, but the Pb coverage 
remains unaffected [52]. Further work is 
needed to determine whether the adlayer 
structure has an influence on the magni- 
tude of the catalytic effect or whether only 
the adatom coverage is important. 

An extension of the UPD modification of 
the electrocatalytic properties of electrode 


surfaces is a process described as an 
“irreversible” adsorption of metal adatoms 
on electrode surfaces. These adsorbates 
can be obtained by adsorption from 
cation-containing solution without the 
application of external potential. Janssen 
and Moolhyusen [53] demonstrated that 
immersion of clean Pt surfaces in solution 
containing metal salts, and subsequent 
emersion and removal of the excess 
solution, could produce adlayers of metal 
adatoms. Clavilier and coworkers [48, 51] 
used this procedure with several metal 
adsorbates on Pt single-crystal electrodes. 
These “preadsorbed” layers are quite 
stable. It is, however, necessary to control 
the electrode potential, since the adlayer 
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coverage is potential-independent only 
within certain potential limits. In some 
cases, as for Bi on Pt, it is believed that 
the adsorbate changes oxidation states 
with potential and that therefore both 
species interact with a surface-forming 
adlayer [54]. Ex situ X-ray photoabsorption 
spectroscopy (XPS) data show that the 
charge should be attributed to OH - 
adsorption rather than to a change in the 
valence state of adsorbed Bi [55]. 

There is no satisfactory description of 
the "irreversible” adsorption process. It 
was ascribed to chemical reaction with 
adsorbed hydrogen [53] and to a local cell 
mechanism through PtOH formation [56]. 
The interaction of cations with the surface 
M— OH species should also be considered 
as a possible mechanism, since it is 
known that they can strongly interact 
with oxidized surfaces [57, 58]. This was 
observed even at very positive potentials, 
as in the case of the oxide monolayers on 
Au and Pt [59]. Except for Bi, generally 
small catalytic effects of the preadsorbed 
adatoms on Pt single-crystal electrodes 
were reported usually at positive potentials 
for Sb [60], As [61], Sn [62], Se [63], and 
Te [64]. An analysis of metal adlayers 
causing the most interesting effects is 
presented below. 

Lead Pronounced effects of Pb (Fig. 3) 
were interpreted in terms of a third-body 
effect by Adzic and coworkers [35]. Pb 
adatoms suppress adsorption of hydrogen 
and strongly bound intermediates, in par- 
ticular, those interacting with two or three 
surface sites. The same model was as- 
sumed for Bi and Tl. Adsorbed H was 
considered to take part in the formation of 
strongly bound intermediates [18, 19]. Cur- 
rent responses to potential sweeps into the 
H adsorption region [18, 19, 65] and crystal 
quartz microbalance measurements [66] 


provide evidence of fast poison accumu- 
lation in the presence of H a d s . An analysis 
of the rates for Pb modified Pt showed 
that, for adatoms covering evenly half of 
the sites, there are no multibonded poison- 
ing species adsorbed [41]. In agreement 
with the experiment, the model predicted 
the maximum activity at 0 m = 0.5(0.25). 
Pletcher and Solis [36] also found maxi- 
mum activity at 0 m = 0.5(0.25). Shibata 
and coworkers [44] found evidence that 
the adatom size determines the effect 
that increases with the number of occu- 
pied sites. The most pronounced effect 
was found for Bi, the largest adatom. Pb 
caused the largest effects according to the 
data in Refs. [35, 36]. Xia and Iwasita [67] 
used DEMS combined with the 13 C label- 
ing to make a distinction between CO 2 
formed from bulk solution and from ad- 
sorbed species (Fig. 5). 12 C-formic acid 
oxidation was observed in the presence 
of a known Pb coverage and the adsor- 
bate from 13 C-formic acid. Pb catalyzes 
the HCOOH oxidation from bulk solu- 
tion on a bare Pt surface, and also helps 
in the oxidation of HCOOH adsorbates. 
The HCOOH oxidation could not take 
place for Pt completely covered by Pb and 
HCOOH adsorbates. The electronic inter- 
action of Pb and Pt was assumed to take 
place in order to explain the catalytic ef- 
fects. The maximum catalytic effect was 
found at 0pj, = 0.5(0.25) for oxidation po- 
tentials >250 mV and 0pb = 0.8(0. 4) for 
potentials <250 mV. At 0pj, = 0.84(0.42), 
no adsorbate formation is possible, but 
the oxidation of bulk acid still takes place. 
The increased activity of the remaining 
bare Pt has been interpreted by reaction of 
HCOOH with H 2 O modified in the inter- 
action with Pt-Pb sites [68]. This activity 
is still lower than the intrinsic activity of 
Pt(100) determined by pulsed voltamme- 
try [69]. Kita and coworkers [50] reported 
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almost the same magnitude for the cat- 
alytic effects of UPD Pb and preadsorbed 
Pb on Pt(lll). The maximum effect was 
observed for a Pb coverage of 0.29, which 
almost completely prevented the adsorp- 
tion of CO. These authors also indicate 
that a third-body effect and a bifunctional 
mechanism cannot fully explain the ob- 
served effects. To summarize, for Pb, a 
part of the observed catalytic effect is due 
to a third-body effect, but there is a grow- 
ing evidence for the electronic effect to be 
partly responsible for the catalysis. 

Bismuth Large effects of Bi have been 
found in several studies [35, 44], Clav- 
ilier and coworkers [48, 51] showed that 
Bi preadsorbed on Pt(lll) enhances the 
kinetics of HCOOH oxidation in a large 
interval of coverages from 0 to 0.8(0.27) at 
potentials below 0.6 V. The accumulation 
of strongly bound intermediates is sup- 
pressed at very small Bi coverages. This 
suggests that the next-nearest neighbor’s 
Pt atoms must be affected by Bi and that 
the third-body effect cannot account for the 
inhibition of the poison formation. At high 
Bi coverages, large currents are measured 
at potentials where Bi adsorbs OH [55]. 
Therefore, in that potential region, it could 
act through the bifunctional mechanism. 
Figure 6 shows voltammetry curves for 
Pt(lll) with $Bi = 0.82(0.27) and the oxi- 
dation of HCOOH on that surface [48, 51]. 
Weaver and coworkers [70] reported an IR 
study of this system that shows small CO 
coverages on Pt(lll), even in the absence 
of Bi. This surface is the least poisoned 
surface from the low-index planes. The op- 
timal coverage of Bi was 0.2, which was 
interpreted in terms of an ensemble, that 
is, a third-body effect. An enhancement 
factor of approximately two orders of mag- 
nitude is cited in both works [48, 51, 70] 


and is similar to that observed with the 
UPD Bi adlayer [35], 

Two roles were assumed for Bi on 
Pt(100) [48, 51]. First, Bi inhibits formation 
of poison through a third-body-type effect. 
The poison coverage decreases linearly 
and becomes zero at 0Bi = 0.45(0.22). 
Second, the highest HCOOH oxidation 
rates are observed at high Bi coverage, 
~$Bi = 0.9(0.45), which indicates a direct 
role of Bi in the oxidation of HCOOH, 
that is, an electronic effect is operative 
in this system. The maximum rate is, 
however, still lower than the intrinsic rate 
on Pt(100). Bi forms on Pt(100) a c(2 x 2) 
adlayer with a coverage of $Bi = 0.5, with 
adatoms residing at bridge positions [71, 
72]. Therefore, at ^0Bi = 0.45, a small 
number of Pt sites apparently remains 
uncovered and a direct participation of Bi 
in the reaction appears likely. Weaver and 
coworkers [70] showed by IR spectroscopy 
a complete cessation of CO formation at 
$Bi = 0.2, which is in good agreement with 
Refs. [48, 51]. The catalytic effect of Bi was 
ascribed to the attenuation of the degree 
of CO poison formation on Pt(100), which 
the authors interpreted in terms of a third- 
body effect. 

Recent work involved stepped Pt sur- 
faces with controlled adsorption of Bi on 
step edges [73]. For the stepped single- 
crystal surfaces Pt(554), Pt(332), and 
Pt(221), with nine-, five-, and three-atom 
wide terraces, respectively, the enhance- 
ment factor for HCOOH oxidation in- 
creases as the terrace width decreases. Bi 
appears to block adsorption of poison on 
reactive (110) oriented step sites and de- 
creases the reaction ensemble size, which 
increases the rate on narrow (111) terraces. 

Leiva and coworkers [74] reported the 
simulation of the catalytic effects of several 
adatoms by using the model in which both 
adatoms and poisoning species block one 
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Fig. 6 (a) Voltammetry curve for Pt(l 11) with adsorbed $Bi = 0.82(0.41 ) in 0.5 M 

H 2 SO 4 . Current multiplied by 5 for short sweep, (b) First sweep for the oxidation of 
0.25 M HCOOH. Insert: Peak currents at 0.5 to 0.55 V versus Bi coverage, (•) anodic 
and (x) cathodic sweeps. (Reproduced with permission from Refs. [48, 51].) 


surface site. Eight and six near neighbors 
covered by adatoms protect one site from 
poison adsorption on square and hexag- 
onal lattices, respectively. The adatoms 
are assumed to be adsorbed randomly 


at 50 x 50 lattices up to the coverage of 
0M, and then the poison is adsorbed up 
to dp. The oxidation currents are calcu- 
lated for such a configuration for several 
catalytic cases. In the Pt(l 1 1) — Bi system, 
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Bi-Pt pairs were assumed to be responsi- 
ble for the catalytic effect, without poison 
formation. Figure 7 shows a comparison 
between the experiment and the calcu- 
lated curve. The agreement is surprisingly 
good considering the crude assumptions 
that adatoms cover one surface site and 
that they are randomly distributed. Bi is 
known to inhibit three H adsorption sites 
on Pt(lll) [75]. Nevertheless, the simula- 
tion data seem to corroborate the electronic 
effect for the Bi-Pt system. The data for 
Pt(lll) and Pt(100) revealed the role of 
substrate in determining the effect of Bi 
in suppressing poison adsorption (the elec- 
tronic effect for Pt(ll 1), but a third body for 
Pt(100)). In addition, on the same surface 
(Pt(100)), Bi can suppress poison forma- 
tion by a third-body effect and can catalyze 


the oxidation of HCOOH through an elec- 
tronic effect. 

Antimony The effect of Sb adlayers on 
Pt(100) [60] were ascribed to the sup- 
pression of poison formation, and the 
maximum oxidation current is obtained 
at high coverage, f?sb = 0.9(0. 3), when no 
poison is detected at the surface. Sub- 
stantial currents are observed for this 
surface. The maximum activity, however, 
does not surpass the intrinsic activity of 
Pt(100). A third-body effect was found op- 
erative for this system. Kizhakevariam and 
Weaver [76] found that Sb inhibits the ad- 
sorption of CO on Pt (100) and Pt (111) 
by decreasing the twofold binding geome- 
tries deduced from the relative vco band 
intensities. The optimum catalysis for 



Fig. 7 Comparison between experimental (•) and calculated ( ) currents 

versus 0Bi curves for the oxidation of HCOOH 0.25 M on Bi/Pt(l 1 1) in 0.5 M 
H 2 SO 4 (see text for details). (Reproduced with permission from Ref. [74].) 
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Pt(lOO) is observed at 0 sb = 0.35. Sbcauses 
significant up-shifting of the CO band 
formed from HCOOH oxidation, which 
suggests that dissociative chemisorption 
is triggered at adjacent sites, electronically 
modified by Sb. Figure 8 shows IR spectra 
for Pt(100) and Pt(100) with an Sb adlayer 
(0 sb = 0.25) and the corresponding oxida- 
tion current versus #sb and Oco curves. The 
enhancement has been interpreted in-line 
with third-body and electronic effects [76]. 
Good agreement was found between the 
simulated effects and experimental data 
for the Sb- Pt(100) system in which Sb was 
assumed to obey the third-body effect [74]. 

Noble metal monolayers The systems 
involving a deposition of ultrathin layers 
of noble metals on noble metal substrates, 
such as Ru on Pt [77] or Pd on Pt [78] 
or on Au [79], exhibit enhancements of 
the oxidation of organic molecules. These 
systems are outside the scope of this 
review, and will be only mentioned here. In 
general, deposition of such layers occurs 
at overpotentials, and they, unlike the 
UPD adlayers, cannot be dissolved except 
at extreme positive potentials. Usually, 
such deposition produces 2D or 3D 
clusters, but pseudomorfic deposits can 
also be formed, as in the case of Pd on 
Au(lll) [80, 81] and Pt on Au(lll) [82], 
Ru can be “spontaneously” deposited in 
an electroless process on Pt [83, 84]. Ru 
layers catalyze oxidation of methanol on 
Pt [83, 84], and Pd enhances the oxidation 
of HCOOH on Au [79] and Pt [85] single- 
crystal electrodes. The activity of the 
Pd-modified surfaces depended markedly 
on the Pd layer thickness and on their 
crystallographic orientation. 

4. 3. 3. 2. 2 Methanol Methanol is consid- 
ered the most attractive fuel for fuel cells 


and its reaction has been thoroughly in- 
vestigated on surfaces modified by metal 
adatoms. The overall reaction involves the 
exchange of six electrons per molecule: 

CH 3 OH + H 2 0 » C0 2 + 6H+ + 6<?“ 

(2) 

This is a multistep reaction, which prob- 
ably proceeds through a sequential de- 
hydrogenation that can produce several 
intermediates, as indicated in the general 
scheme proposed by Bagotzky and cowork- 
ers [86]. Details of the dehydrogenation of 
methanol on Pt have not been established. 
From kinetic isotope measurements of 
CD3OH and CH3OH oxidation, it was 
shown that the first removal of H in the 
reaction 

CH3OH >CH 2 OH + H+ + e“ (3) 

is the rate-determining step [87, 88], 

For methanol, more than for formic acid, 
evidence points out that besides CO there 
is at least one additional adsorbate - the 
COH species. Three e.p.s. values are found 
often for adsorbate oxidation and show 
that it has to contain an H atom [89]. 
Beden and coworkers [90, 91] reported 
from IR measurements the linear, bridge- 
bonded CO and CHO-like species or 
species with a carbonyl bond. By using sub- 
tractively normalized Fourier transform 
infrared spectroscopy (SNFTIRS), Iwasita 
and coworkers [92] have determined abso- 
lute absorption bands for linear-, bridge-, 
multibonded CO and COH adsorbates. 
Nichols and Bewick [93], by using a flow 
IR-electrochemical cell, identified COH 
and CH a OH species as reactive interme- 
diates. Recent results with DEMS indicate 
predominantly a mixture of CO and COH, 
or only CO as adsorbed intermediates [89, 
94, 95]. Model calculations of methanol ox- 
idation on Pt(lll) that provide a good fit to 



4.3 Electrocatalysis on Surfaces Modified by Metal Monolayers Deposited at Underpotentials 


575 



CN 03 
O '77' 


Oi cr 

— ' i/) 

"O c 

<U (U 

cl 

o 

? E 

_Q Qj 

(/) t 


o o 
c -g 

• — 03 


VD 


I 

o 

o w 

U -g * 
^1 


* 8- 
[0 


C .±7 
ra g 

§"S 

^ U 
> 3 

</> ~o 
u 2 

^ CL 
O CL) 
C 


5 I 


> 

E 


_o 

CL 


00 03 

'os' ~S Q 






576 4 Under potential Deposition 


the experimental data without adjustable 
parameters involve a reactive intermediate 
with the stoichiometry H : C : O [96]. 

Negligible catalytic [2, 97, 98] and pre- 
dominantly inhibition effects [99] are ob- 
served for methanol oxidation on Pt in 
acid solutions. The exceptions are the ef- 
fects of Sn [53, 100-102] and Ge [101, 102], 
Significant catalytic effects have been ob- 
served for Pb, and Bi on Pt in alkaline 
solutions [103, 104]. However, carboniza- 
tion of the alkaline electrolyte with CO2 
makes these systems unsuitable for practi- 
cal applications. For single-crystal Pt(100) 
and Pt(lll) surfaces, the reaction has been 
found to be inhibited by the Bi adlayer [49, 
105], 

Some agreement exists on the effects 
of Sn, although the results are not re- 
producible. The UPD of tin differs from 
the majority of the UPD systems [106]. 
Its oxidation state is extremely potential- 
dependent. The effects of Sn on the 
oxidation of CH3OH on Pt are attractive 
because they occur at very low potentials. 
The system Pt-Sn has been investigated 
in three forms: Sn irreversibly adsorbed, 
Sn adsorbed by UPD, and ordered single- 
crystal PtjSn alloy [107]. Vassiliev and 
coworkers [100] found a Temkin adsorp- 
tion behavior of neutral Sn at Pt in the 
potential region from 0 V to 0.2. Above 
0.2 V, tin undergoes a partial oxidation to 
Sn + , or SnOH at ~0.5 V. A tenfold in- 
crease of the rate in the presence of Sn 
has been found and has been ascribed to 
the bifunctional mechanism [97]. Frelink 
and coworkers [108, 109] demonstrated by 
ellipsometry that a submonolayer of Sn 
oxide disappears from Pt surfaces in the 
presence of methanol. The reports of con- 
siderable catalytic effects of Sn[53, 101, 
102] have not been reproduced in re- 
cent studies [24, 105, 110]. Inhibition was 
observed for the methanol oxidation on 


Pt(lll) and Pt(100) with Sn adlayers [105], 
and for Pt3Sn alloys [107]. Janssen and 
Moolhuysen [53] concluded that Pt is mod- 
ified through a ligand, that is, through 
an electronic effect, while Motoo and 
coworkers [111] proposed that a bifunc- 
tional mechanism is operative for Sn. 
Bittins-Cattaneo and Iwasita [110] found 
that Sn(II) species are responsible for 
the catalytic effect, which can form a 
hydroxy-complex such as Sn(OH) + that 
can transfer O to the organic residue. The 
activity was ascribed to a suitably oriented 
adsorbed H2O on a Pt/Sn surface. Figure 9 
shows a linear sweep voltammetry and 
mass signal of CO2 for Pt and Pt with ad- 
sorbed Sn. The observed enhancement of 
methanol oxidation is in the middle range 
of those reported so far. Molecular orbital 
studies demonstrated that Sn atoms on 
Pt(lll) can weaken CO adsorption [112], 
but subsequent work showed that Sn in 
the Pt surface does not attract H2O or ac- 
tivate the formation of the OH a< i s species 
that can oxidize CO intermediates [113]. 
The data on Sn indicate that its state on 
Pt surfaces is highly dependent on sur- 
face structure and on the method of Sn 
deposition, which determine its catalytic 
properties for CH3OH oxidation. Catalytic 
effects are often observed with dispersed 
Pt, while inhibition is usually observed 
with flat surfaces. While the potential for 
practical application of Sn-modified Pt for 
methanol oxidation is small, this system 
provides a strong support for the impor- 
tance of bifunctional catalysts for methanol 
oxidation. 

4. 3. 3. 2. 3 Carbon Monoxide Carbon mo- 
noxide is a model adsorbate for study- 
ing molecular adsorption in catalysis and 
electrocatalysis. It is a major poisoning 
species in the oxidation of small organic 
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Fig. 9 Oxidation of 1 M CH 3 OH in 0.5 H 2 SO 4 on Pt and Pt with Sn adlayer 
(6 Sn = 0.34(0.1 7)). (a) Current and (b) mass intensity during a potential 
scan of 1 0 mV s -1 . (Reproduced with permission from Ref. [102].) 


molecules, which is an additional motiva- 
tion for studying its oxidation. The reaction 
on metal adlayer-covered surfaces can re- 
veal information useful for the design of 
new electrocatalysts for the oxidation of 
methanol and reformate hydrogen. Metal 
adlayers affect the adsorption behavior of 
CO and can cause small enhancements 
of its oxidation. CO interacts so strongly 
with Pt that it can displace many metal 
adlayers. Lukas and coworkers [71, 72] 
demonstrated by SXS studies that CO 
causes displacement of Cu and Pb adatoms 
from Pt(100) and Pt(lll) surfaces, while 
a c(2 x 2)-Bi structure on Pt(100) is unaf- 
fected by CO in solution phase. Motoo and 


coworkers have reported pronounced ef- 
fects of Sn and Ge [101, 102], and As [114] 
on the oxidation of dissolved CO on Pt. 
Sn causes a shift of CO oxidation on Pt by 
400 mV to more negative potentials. This 
effect was explained in terms of the bifunc- 
tional catalyst. The same mechanism was 
proposed for the effects of Pb, As, Sb, and 
Bi [115], although there is no evidence for 
oxygen coadsorption with Pb, while a weak 
evidence was reported for the other three 
metals. 

Preadsorbed Bi adatoms were found 
to preferentially block CO adsorption at 
bridge sites, and at saturation Bi coverage, 
$Bi = 0.2, only linear CO is observed on 
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Pt(lll) [116]. Bi causes a decrease of CO 
oxidation [117] on Pt(100), which agrees 
with its stabilization of this adsorbate 
deduced from in situ IR studies [118, 
119], while As has an opposite effect [119]. 
Both adatoms modify the CO-stripping 
process with a small catalytic effect 
observed at very positive potentials (0.7 V). 
The catalysis has been ascribed to the 
adatom-mediated oxygen transfer with 
a possible electronic effect for As [119]. 
Similar behavior is observed with Sb, 
which decreases the adsorption of CO on 
Pt(100) and Pt(lll) surfaces by removing 
the twofold bridging geometry, as deduced 
from the relative vco band intensities [76]. 
At the saturation Sb coverage, only linear 
CO is observed. 

Baltruschat and co workers [120] re- 
ported a large negative shift of CO oxida- 
tion to 0.25 V caused by Sn adsorbed at step 
sites on Pt (332) and Pt(755) stepped sur- 
faces (Fig. 10). Sn adsorbs preferentially 
at the step sites, which can be deduced 
from the inhibition of H adsorption on the 
step sites from voltammetry curves [121]. 
The effect has been ascribed to a desta- 
bilization of the CO molecules due to 
repulsion between CO and Sn. This re- 
pulsion shifts the CO molecules into a 
so-called “high-coverage” state, which can 
be oxidized at low potentials as shown for 
Pt-Sn alloy surfaces [122]. (This state is 
not formed in oxidation of methanol on 
this alloy, which was offered as an expla- 
nation of the inhibition effect observed in 
that reaction.) The CO oxidation rates at 
low potentials are, however, very sluggish. 
The effect of Sn on the reaction on Pt(lll) 
was found to be negligible. The activity of 
stepped Pt surfaces is certainly related to 
the observed effect of Sn on polycrystalline 
Pt [97], which usually has a high density of 
steps. 


4. 3. 3. 2. 4 Other Organic Molecules In ad- 
dition to the oxidation of formic acid 
and methanol, the oxidation of a con- 
siderable number of organic molecules 
is catalyzed by metal adlayers on Pt [1, 
2]. These include formaldehyde [123], var- 
ious aliphatic alcohols including ethyl, 
propyl, and butyl alcohols, ethylene glycol 
and glycerol [104], propane-diol [124-126], 
ascorbic acid [127], glucose and other 
monosaccharides [2, 128], propane [129] 
and lactonic acid [130]. Some of the ob- 
served effects are very large, as seen in 
the oxidation of HCHO on platinum met- 
als [1, 123]. In general, the effects observed 
seem to be caused by reduction of ad- 
sorption of strongly bonded intermediates. 
Large inhibition was observed for the oxi- 
dation of hydrazine on Pt (2). The reactions 
of highly oxygenated molecules such as 
squaric, croconic, rhodizonic acids and 
tetrahydroxy-p-benzoquinone on Pt were 
also found to be affected by metal adlay- 
ers. Bi and Se were found to promote the 
cleavage of these molecules on Pt(lll) by 
the third-body effect. 

4. 3. 3. 3 Electroorganic Synthesis 

Electroorganic synthetic reactions on sur- 
faces modified by metal adlayers have not 
received as much attention as the oxidation 
of small organic molecules, although it is 
quite conceivable that this type of surface 
modification can have interesting catalytic 
effects and can affect the selectivity of var- 
ious synthetic pathways. In addition to 
the elimination of poisoning effects from 
chemisorbed organic fragments, another 
useful effect of metal adatoms is an in- 
creased potential window in which the 
electrode materials such as Pt can be used 
for such reactions. At potentials where 
the modified electrodes can be used, the 
electrodes of metals undergoing the UPD, 
such as of Pb, Bi, or Tl, are not stable. 
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Fig. 10 (a) Voltammetry curves for the oxidation of CO on a 

Sn/Pt (3 32) surface in 0.5 M H 2 SO 4 . E ac 1 = 70 mV, Osn = 0.26 (solid 
line), 0sn = 0.03 (dotted line), 0sn = 0 (dashed line), (b) Mass 
spectrometric responses for CO 2 generation. (Reproduced with 
permission from Ref. [120].) 

Most of the work in this area was done by hydrogenation of some unsaturated hy- 

Kokkinidis and co workers [2] who demon- drocarbons [2]. While the reduction of the 

strated catalytic effects of metal adlayers nitro group is catalyzed by metal adlayers 
for the reduction of nitro and nitroso com- on Pt, the reduction of nitrobenzene is par- 

pounds [131-134], and for the catalytic tially inhibited on Ag by Pb adatoms [135]. 
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A number of publications exist in the Rus- 
sian literature about the effect of cation 
addition on various electroorganic syn- 
thetic reactions that are not discussed in 
terms of the UPD effects, although most of 
the systems probably involve the metal ad- 
layer formation (see Ref. [1] and reference 
therein) . 

Electroreduction of nitro compounds is 
of considerable importance for electroor- 
ganic synthesis. Interesting catalytic ef- 
fects were reported for the reduction of aro- 
matic nitro compounds on Pt. Figure 11 
shows that Pb, Tl, and Bi adlayers shift 
the half-wave potential positively by 100 to 
300 mV. The catalytic effect was attributed 
to a change in the mechanism of the re- 
duction of the nitro group from a catalytic 
hydrogenation on bare Pt to an electron- 
transfer mechanism on Pt/M ad , that is, 
a direct electron exchange between the 
nitro compound and the adatom-covered 
electrode surface, namely, 


(Pt): R-N0 2 + 4Pt > R-N0 2 

2Had 

> R-N-O 

-h 2 o 

» R-N-O 

mHad 

> Products (4) 

r.d.s 

2e- + 2H+ 

(Pt/M ad ): R-N0 2 > R-NO 

— H2O 
2e- + 2H+ 

> R-NHOH 


2e- + 2H+ 

> r-nh 2 

-h 2 o 

( 5 ) 

The same change from the “catalytic” 
to the “electron-transfer” mechanism has 
been observed in benzofuroxan reduction 
on Pt with several metal adlayers [2]. 

The reduction of heterocyclic nitro com- 
pounds on platinum is also consider- 
ably catalyzed by metal adlayers. The 



[V] 

Fig. 11 Current-potential curves for reduction ofPhCH(N 02)2 (1 mM) on a 
Pt rotating disk electrode in 0.5 M HCIO 4 curve (1) and Pt with adlayers of Bi, 

Pb, and Tl, curves (2), (3), and (4), respectively. ( ) Curve in base solution; 

concentration of cations 1 mM; sweep rate 10 mV s _1 ; rotation frequency 
f = 35 Hz. (Reproduced with permission from Ref. [2].) 
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reaction of 3-nitro-lH-l, 2, 4-triazole on 
Pt/M a d is a four-electron reduction also in- 
volving the electron-transfer mechanism, 
while the hydrogenation occurs on bare 
Pt [136]. This activity surpasses that of 
mercury electrodes in alkaline solutions. 
The reaction on Au follows an electro- 
catalytic and/or electron-exchange mech- 
anism. The electrocatalytic mechanism 
gives a diffusion-controlled cleavage of the 
N-O bond, while the electron-exchange 
mechanism proceeds through dihyrox- 
ilamine, which can react further. On 
Au/M ad , the reduction proceeds through 
dihydroxylamine [137]. Selective oxidation 
of lactose to lactobionic acid on Pt/Pb ads 
with a significant enhancement of the re- 
action rate in comparison with the one 
on Pt has been reported by Druliolle and 
coworkers [138]. 

Motoo and Furuya [139, 140] demon- 
strated an enhancement of the ethylene 
reduction on Pt by Cu and Ag and in- 
hibition by Se and T1 adlayers. Cu and 
Ag adatoms, which block one Pt site, 
desorb the ethylene molecule that blocks 
2.5 Pt sites, thus leaving 1.5 sites available 
for H adsorption. Hydrogen adatoms at 
these sites facilitate a higher rate of ethy- 
lene reduction. T1 and Se adatoms cause 
inhibition since they block 2.5 sites as 
ethylene does. 

4. 3. 3. 4 Hydrogen Evolution 

Hydrogen evolution has been found with- 
out exception to be inhibited by adlayers of 
Bi, As, Cu, and Sn on Pt [141-143], Pb, Tl, 
and Cd on Pt [144, 145] and Au [144, 145], 
and by Pb and Tl on Ag [146] electrodes. 
All these metals exhibit a large overpo- 
tential for hydrogen evolution. Adlayers 
inhibiting H 2 evolution are of interest for 
fundamental electrocatalysis and electrode 
kinetics, but they also have practical sig- 
nificance in promoting sorption of H into 


some metals, altering selectivity for some 
hydrogenation reactions, and in corrosion 
inhibition. The lattermost is possible when 
O 2 reduction is not enhanced by metal 
adlayers. 

The observed inhibition on Pt has been 
ascribed to [144, 145]: (1) simple geomet- 
ric blocking, (2) a decrease in the number 
of pairs of uncovered Pt atoms, which 
decreases the H + H recombination reac- 
tion, and (3) a change of electronic states 
of uncovered Pt atoms. Protopopoff and 
Marcus [147] have analyzed in detail the 
blocking effects of sulfur on H 2 evolu- 
tion on Pt(110) and Pt(lll) electrodes. For 
random adatoms distribution, the zones 
of deactivation overlap, and this process 
can be analyzed by using a simple statis- 
tical treatment [148]. For several Pt/M ad 
systems, considerable H 2 evolution takes 
place when the UPD of H is completely 
blocked. This provides an additional proof 
that there is no connection between the 
UPD H and the intermediates in H 2 evo- 
lution. 

The UPD metal adlayers have inter- 
esting effects on the reaction mecha- 
nism. Pb, Tl, and Cd at small cover- 
ages cause pronounced inhibition, but 
the Tafel slope for the reaction remains 
—30 mV, as for bare Pt. This means 
that the recombination of two H atoms 
giving H 2 (H ad + H ad H 2 ) is the rate- 
determining step for both surfaces. At 
larger Pb coverages, the Tafel slopes be- 
comes — 120 mV (Fig. 12) because there 
are no pairs of Pt atoms for a recombina- 
tion reaction to occur, and the mechanism 
with the ion-plus-atom reaction (H ad + 
H + + e~ — »■ H 2 ) rate-determining step be- 
comes operative [144, 145], Changes of 
slope from —30 to —60 and —120 mV have 
been reported for Pt with Ge [142, 143]. 
No change of Tafel slope was found for 
H 2 evolution on Au/Pb [144, 145] since 
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Fig. 12 Hydrogen evolution on a rotating Pt electrode in 1 M HCIO 4 in the presence 
of Pb adatoms. The curves 0 to 6 correspond to 0pt, = 0, 01 7, 0.1 9, 0.56, 0.67, 0.86, 
0.91, respectively. Rotation rate 5000 rpm. (Reproduced with permission from 
Refs. [144, 145].) 


on bare Au the ion-plus-atom reaction is 
the rate-determining step requiring one 
surface site. 

Inhibition of H 2 evolution was reported 
for stationary single-crystal electrodes for 
As/Pt(lll) [149], Bi/Pt(100), Sb/Pt(100), 
Bi/Pt(lll), and Sb/Pt(lll) [150, 151] sur- 
faces. For the Bi/Pt(lll) system, the 
polarization curves have slopes of —30 
to —35 mV for i < 0-04 (0.02), and for 
0.14(0.07) < 6 >bi < 0.33(0.18), the slopes 
are —35 and —54 mV at small and 
high overpotentials, respectively [150, 151] 
(Fig. 13). For Pt(100), a linear decrease 
of the H 2 evolution current as a func- 
tion of coverage has been observed up to 
0 Bi = 0.35(0.18), and a steep decrease has 
been observed above it. For Pt(lll), a large 
decrease of H 2 evolution was observed at 
small Bi coverages up to 0.1(0.03), and a 
linear decrease was seen for larger cov- 
erages. A similar observation was made 


for polycrystalline Pt with Pb [144, 145]. 
Small changes of Tafel slope for low 
Bi coverages were explained by a hy- 
pothetical mechanism in which a slow 
recombination and an ion-plus-atom re- 
action rate-determining steps occur in 
parallel. Inhibition effects of As, which is 
a prototype catalytic poison, have been re- 
ported for polycrystalline electrodes [152, 
153] and for a Pt(lll) surface [149]. Sur- 
prisingly, small inhibition was observed 
up to 9 As = 1/3 (1/6) for the latter system. 

The mechanism of significant H 2 evolu- 
tion on Pt with large coverage of inhibiting 
metal adatoms is not clear. For Bi on 
Pt(100), the existence of the c(2 x 2) Bi 
adlayer was assumed, and it was proposed 
that H 2 evolution takes place through four- 
fold symmetry holes in the adlayer [150, 
151]. This adlayer exists at Pt(100) [71, 72], 
but its structure still needs to be verified 
during H 2 evolution. In situ verification of 
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Fig. 13 H 2 evolution on a Bi/Pt(l 1 1) electrode in 0.5 M H 2 SO 4 . Tafel plots for 
different Bi coverages: $Bi = 0, 0.13 (0.06), 0.27(0.13), and 0.36 (0.18). 
(Reproduced with permission from Refs. [150, 151].) 


the adlayer structure during the course 
of H 2 evolution has been obtained by 
SXS for Pt(lll) with a T1 adlayer [154]. 
Figure 14 shows data for T1 adlayers on 
Pt(lll) in solutions of two different pH 
values. A significant H 2 evolution current 
flows at Pt(lll) despite the close-packed 
configuration of the T1 adlayer. The elec- 
trocompression of the Tl-Tl distance with 
decreasing potential is observed with this 
system. H 2 evolution has no effect on the 
structure of the T1 adlayer, but the Tl-Tl 
distance ceases to contract at its onset 
(Fig. 14). It is likely that in addition to 
defect sites, H 2 evolution occurs through 


hollow sites in the structure of the T1 ad- 
layer. This prevents further compression 
with decreasing potential. These data seem 
to corroborate the assumption for the H 2 
evolution through the hollow sites in the 
Bi adlayer on Pt(100). 

Several approaches were used to quan- 
tify inhibition effects of metal adlayers. 
These involved calculations of currents 
of H 2 evolution based on the order- 
disorder theory of alloys [141, 144, 145], 
and simulations based on geometric [150, 
151, 153] and long-range electronic ef- 
fects [150, 151]. Verification of the mod- 
els used in some simulations seems 
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Fig. 14 (a) In-plane diffraction pattern from close-packed hexagonal Tl 

adlayer (open circles) on Pt(l 1 1 ) in 0.05 M H 2 SO 4 solution with 1 mM Tl + . 

Solid circles diffractions from Pt(l 1 1). (b) Real space model for Tl adlayer. (c) 

Tl-Tl interatomic distance determined from the rocking 6 scans at diffraction 
positions as a function of potential. The electrocompression increases in 
solution with pH = 3 beyond that observed at pH = 0, but it ceases to 
change when H 2 evolution starts (see text). (Adapted from Ref. [154]; 
reproduced with permission.) 

necessary in order to obtain a more metals. Similar effects were observed for 
complete understanding of the inhibition Pb, Tl [158, 159] and for Ge, Ga [160]. In 
effects. deaerated solutions, the inhibition effect 

Related to the inhibition of H 2 evolution can be quite pronounced. In the presence 
is the effect cations on the corrosion of of 0 2 , however, an enhanced 0 2 reduction 
iron. Drazic and Vorkapic [157] interpreted can increase corrosion rates, 
a decrease of the corrosion of Fe in 

sulfuric acid in the presence of Mn 2+ , 4. 3. 3. 5 Oxygen Reduction 

Cd 2+ , and Zn 2+ in terms of the inhibition Oxygen reduction is a multielectron re- 

of H 2 evolution by the UPD of these action that involves several elementary 
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steps in the reaction mechanisms. In 
aqueous solutions, oxygen reduction ap- 
pears to occur by two overall pathways: 
a “direct” four-electron reduction, and a 
“peroxide” pathway that involves H 2 O 2 as 
the intermediate [161]. For acid solutions, 
the reaction in a direct four-electron 
pathway is 

0 2 + 4H+ + 4e~ > 2H 2 0 

£ 0 = 1.229 V vs NHE (6) 

Two electrons are exchanged in a “perox- 
ide” pathway: 

0 2 + 2H+ + 2e~ » H 2 0 2 

E 0 = 0.67 V (7) 

Peroxide can undergo further reduction, 

H 2 0 2 + 2H+ + 2e~ » 2H 2 0 

E 0 = 1.77 V (8) 

or it can catalytically decompose into O 2 
and H 2 O. Peroxide is the final reduction 
product on some less active surfaces. 
On some surfaces, the two pathways can 
occur in parallel. The same pathways 
are operative in alkaline solutions but 
at different set of potentials involving 
intermediates and products determined by 
the solution pH [161]. 

4. 3. 3. 5.1 Alkaline Solutions Foreign me- 
tal adatoms cause remarkable catalytic 
effects on oxygen reduction on several 
electrode surfaces. The adatoms of Pb [155, 
156, 162], Bi [163], and T1 [164, 165] cause 
a shift of the half-wave potential of the 
O 2 reduction to more positive values and 
an approximate doubling of the diffusion- 
limited current density. The latter is due 
to the change of the reaction mechanism 
from a two-electron reduction on Au into a 
vital four-electron reduction on Au covered 


with UPD metal adlayers. Catalytic effects 
were observed also for Pt [166], glassy 
carbon and graphite [2], and Ru [167] 
surfaces with Pb and T1 adsorbates. The 
latter three cases are somewhat different 
from the UPD adlayers on metal surfaces. 
For carbons, it appears that the UPD 
occurs through an interaction of metal 
with carbon surface groups. For oxidized 
Ru surfaces, cations interact with surface 
oxides. 

Figure 15 shows rotating disk-ring mea- 
surements of O 2 reduction on Au and 
Au/Pb a< i. The upper panel shows the UPD 
of Pb on Au in NaOH solution. The disk 
current shows doubling of the diffusion- 
limited current, which means that four 
electrons are exchanged in the reaction 
on Pb/Au. Consequently, the ring current 
shows that peroxide generation is almost 
completely suppressed. A series reaction 
mechanism, involving a two-electron re- 
duction to HC> 2 _ , followed by exchange of 
another two electrons in the reduction of 
H0 2 - to OH - , has been found from the 
analysis of the rotating disk-ring electrode 
measurements, namely, 

Au: O 2 + H 2 O + 2e~ 

>H0 2 “+OH - (9) 

Pb/Au: O 2 + H 2 O + 2e~ 

» H0 2 “ + OH - (10) 

H0 2 “ + H 2 0 + 2e~ > 30H - 

( 11 ) 

All rate constants for this complex reac- 
tion have been determined from these 
measurements [163, 165]. T1 and Bi ad- 
layers cause similar catalytic effects. Tafel 
plots obtained from rotating disk-ring 
measurements show slopes of —120 mV 
for Au/Pb and Au/Bi systems, while a 
slope of —55 mV was found for Au/Tl. 
The —120 mV slope, as observed for bare 
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Fig. 15 O 2 reduction on rotating Au and Pb/Au electrodes in 1 M 
NaOH containing 1 mM HPbC> 2 ~. Ring potential 0.3 V, ring area 
0.049 cm 2 ; sweep rate 50 mV s -1 . Upper panel: the UPD of Pb on Au. 
(Adapted from Refs. [155, 156]; reproduced with permission.) 


Au, indicates a rate-controlling first elec- 
tron exchange. The slope of —55 mV was 
also explained by a slow first electron ex- 
change. A low electrosorption valency of 
T1 ( yx \ = 0.6) had to be assumed to satisfy 
this slope [165]. 

Yeager and coworkers [162] reported 
interesting catalytic effects of Pb and 
T1 on the O 2 reduction on smooth 


and high surface area Pt in alkaline 
solutions. These effects shift the half- 
wave potential to more positive val- 
ues than those on bare Pt (Fig. 16). 
Rotating disk-ring electrode measure- 
ments indicate a series mechanism for 
O 2 reduction, instead of a direct path- 
way with the 0—0 bond scission on 
bare Pt. 
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Fig. 16 O 2 reduction on several substrates in 1 M NaOH. Tl + 
concentrations: 3.2 mM for Pt and 1 1 mM for dispersed Pt Powercat 
2000 catalyst. Pb 2+ concentration 2 mM. Sweep rate 10 mV s _1 , for 
Powercat quasi-steady state measurements. Electrode area 
0.196 cm 2 . Pt I: no pretreatment, Pt II: cathodic pretreatment. 
(Reproduced with permission from Ref. [166].) 


Although T1 and Pb adsorbates on ox- 
idized Ru surfaces in alkaline solutions 
differ from the UPD adlayers, their pro- 
nounced catalytic effects are noteworthy. 
Oxidized Ru surfaces, which are inactive 
for O 2 reduction, support a four-electron 
O 2 reduction after surface modifications 
upon addition of Tl + and Pb 2+ to the 
electrolyte [167]. Traces of Tl + or Pb 2+ 
were sufficient to produce catalytic ef- 
fects, which were assumed to be due to a 
pronounced modification of the electronic 
properties of Ru oxides in the interaction 
with these cations. 

4. 3. 3. 5. 2 Acid Solutions In acid solu- 
tions, metal adlayers on Au cause small 
enhancements of O 2 reduction, but ex- 
cept for Tl, a four-electron reduction is 
not observed. For Pt, a small inhibition is 
generally observed. A shift of 150 mV of 
the half-wave potentials to more positive 


values is caused by Bi on Au(lll), while 
the effect of Pb is very small [168, 169]. 
Tl on Au(lll) [170] causes a predominant 
four-electron reduction. O 2 reduction on 
silver is a four-electron reaction and is 
inhibited by Tl and Pb adlayers causing 
H 2 O 2 generation as shown for Ag(lll) 
and Ag(100) [168, 171]. The inhibition was 
dependent on the degree of coverage and 
the Ag crystal plane. Catalytic effects were 
reported for the polycrystalline Pb/Au, 
Bi/Au and Tl/Au, Pb/Cu, Tl/Cu [172] and 
Cd/Pb [173] surfaces. Inhibition effects, 
however, were observed for Pt with Pb, 
Tl, Bi [172, 174, 175], Cu [174, 176], and 
Ag [174] adlayers. 

It is surprising that Pb and Cd at low 
coverages on Pt do not cause significant in- 
hibition of a four-electron reduction in the 
kinetic-control region [175, 177]. This can 
be understood assuming a series mecha- 
nism for a four-electron reduction on Pt 
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with adatoms. A somewhat larger inhibi- 
tion was observed by Kokkinidis [172] in 
more concentrated solutions. These data 
strongly suggest that proton transfer in 
O 2 reduction, involving any kind of H in- 
teraction with the surface, is not likely to 
occur [178]. 

Further understanding of the catalysis 
of O 2 reduction by metal adlayers has 
been achieved by investigation of reac- 
tions on single-crystal surfaces and by 
structure-sensitive techniques. The cat- 
alytic effects observed with single-crystal 
electrodes are in agreement with those 
obtained with polycrystalline surfaces [1, 
164]. SXS studies during the course of O 2 
reduction helped to resolve the question 
of the coverage-dependent catalytic effect 
of Tl. The close-packed, rotated-hexagonal 
T1 phase on Au(lll) was found to sup- 
port predominantly two-electron reduc- 
tion, while the aligned hexagonal phase in 
alkaline solution and patches of the (2 x 2) 
phase in acid solution, which gradu- 
ally vanish during the reaction (Fig. 17), 
are conducive to a four-electron reduc- 
tion [170], 

A total inhibition of O 2 reduction on 
Au(lll) by a Cu adlayer in the poten- 
tial region where Cu forms a honeycomb 
x V3)R30 structure in the absence of 
O 2 was determined by scanning tunnelling 
microscopy (STM) by Itaya and cowork- 
ers [180]. Sulfate/bisulfate is adsorbed in 
the center of a Cu honeycomb [181, 182], 
which could be the cause of the inhi- 
bition. A Cu submonolayer on Pt(lll) 
causes inhibition by decreasing the cur- 
rent to approximately one half, while a 
Cu monolayer causes complete inhibition. 
The reduction of O 2 to H 2 O 2 was assumed 
in the presence of either the simple or 
the honeycomb (^3 x V / 3)R30° submono- 
layer structure. A change from bridge to 
end-on adsorption of O 2 is viewed as a 


cause of the generation of H 2 O 2 and the 
decrease of the current by 1/2. This conclu- 
sion should be verified by rotating disk ring 
electrode (RDRE) measurements. A pseu- 
domorphic Ag monolayer and a hexagonal 
aligned bilayer on Pt(lll) cause a com- 
plete inhibition of O 2 reduction [183]. This 
inhibition as a function of Ag coverage was 
used to determine a bridge adsorption of 
O 2 during reduction on Pt(lll). 

4. 3. 3. 5. 3 Hydrogen Peroxide Reduction 

FI 2 O 2 , which is inert on most Au sur- 
faces, except on Au(100) and its vicinals 
in alkaline solutions, is particularly ef- 
fectively catalyzed by several Pb, Tl, and 
Bi adlayers [1, 2, 165, 168]. Gewirth and 
coworkers [184, 185] identified by atomic 
force microscopy (AFM) the (2 x 2)-Bi 
structure in the potential region at which 
a maximum activity for H 2 O 2 reduction 
on Au(lll) is observed. The rectangu- 
lar (p x ^3) Bi high-coverage adlayer on 
Au(lll) is not catalytically active for H 2 O 2 
reduction (Fig. 18), which is very similar 
to the inactivity of a close-packed Tl ad- 
layer on Au(lll) [170]. H 2 O 2 reduction is 
catalyzed on Au(lll) with a low-coverage 
Tl phases, while it is almost completely 
suppressed by the rotated close-packed 
hexagonal phase [179]. For the Au(lll)/Pb 
surface, however, the highest activity was 
found to occur when the surface is maxi- 
mally covered by Pb islands [186]. 

4. 3. 3. 5. 4 Mechanisms of Catalytic Effects 

Several mechanisms have been proposed 
to explain the catalytic effects of metal ad- 
layers. These include (1) specific electronic 
properties of the metal /adlayer surface that 
can increase the adsorption energy of O 2 
and intermediates [1], (2) redox properties 
of metal adlayers [164], and (3) formation 
of the bridge bond between O 2 and the Au 
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Fig. 17 Voltammetry curve for the UPD of T on Au(l 1 1) in 0.1 M 
HCIO 4 solution containing 5 mM Tl + (upper panel). Polarization curve 
for O 2 reduction on Au(l 1 1) (dashed line) and Au(l 1 1) with 
the (2 x 2)Tl, and rotated-hexagonal Tl adlayers. Sweep rate 10 mV s -1 . 
(Adapted from Ref. [179]; reproduced with permission.) 


adatom sites, which facilitates the weak- 
ening of the 0-0 bond [168, 179, 184, 
185]. Yeager and coworkers [166] assumed 
a destabilization of anodic films on Au and 
Pt in the interaction with metal adlayers. 
McIntyre and Peck [164] proposed a redox 
cycle in which Tl adatoms are oxidized by 
O 2 and HO 2 - and are subsequently rede- 
posited. Schriffrin [187] assumed a redox 
couple in which Pb 2+ is oxidized by HO 2 - 
to Pb 4+ . Jiittner and coworkers [168] as- 
sumed a change from an end-on adsorp- 
tion of O 2 on Au to a bridge adsorption 


on Au with metal adlayers. This favors the 
complete reduction of O 2 by weakening 
the 0—0 bond. Alvarez and Juttner [188] 
reported a simulation of the catalytic ef- 
fects of Pb on H 2 O 2 reduction on Au(lll) 
and Au(100) assuming essentially a lattice 
gas model (LGM) for the Pb adlayer at low 
coverages and well-defined structures at 
high coverages. Good agreement between 
the simulation and experiment is consid- 
ered as a support for the bridge adsorption 
model. However, the assumptions regard- 
ing the Pb adlayer are not in agreement 
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Fig. 18 (a) Voltammetry curve for the UPD of Bi on Au(l 1 1) in 0.1 M 

HCIO 4 solution containing 0.5 mM Bi 3+ . (b) Rotating disk polarization 
curve for H 2 O 2 reduction in solution as in (a) with 10 mM H 2 O 2 . 
Rotation rate 400 rpm; sweep rate 5 mV s" 1 . Dashed line: no Bi 3+ . 
(Adapted from Ref. [185]; reproduced with permission.) 


with the results of SXS studies of the 
Pb/Au(lll) system by Toney and cowork- 
ers [189]. Additionally, the large coverage 
by Pb islands, not a specific structure, was 
found to produce a maximum activity for 
H 2 O 2 reduction on Au(lll) [190]. No or- 
dered structure has been reported so far 
for Pb on Au(100). Gewirth and cowork- 
ers [184, 185] proposed a heterobimetalic 
bridge model for H 2 O 2 interaction with the 
Au/Bi surface as a cause of the enhanced 
catalytic activity. 


Adzic and Wang [191] studied the UPD 
of T1 on Au(lll) in the presence of Br _ , 
which has three potential-dependent, com- 
mensurate Tl-Br phases that affect O 2 re- 
duction in different ways. The catalytically 
active (3 x ^3)-2TlBr phase on Au(lll) 
was monitored by SXS during the course of 
oxygen reduction by measuring the struc- 
ture factors for its two low-order in-plane 
diffractions as a function of potential. The 
IR voltage drop in the thin-layer cell did 
not allow drawing definitive conclusions 
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regarding the stability of the active ad- X-ray scattering. Under oxygen reduction 
layer phase and the origin of the catalytic conditions, both the (2 x 2)-Bi and a high- 
effects [192]. coverage (p x ^3)-2Bi adlayer structures 

Most recently, Tamura and cowork- are stable (Fig. 19). The electrochemical 
ers [193] have confirmed a stability of the drop cell configuration utilized for these 
low-coverage Bi(2 x 2) phase on Au(lll) measurements minimizes the I R potential 
during O 2 reduction with in situ surface drop relative to that in commonly used 
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Fig. 19 Voltammetry curves for the UPD of Bi on a Au (111) electrode in 1 M HCIO4 
with 5mM Bi 3+ (a) and oxygen reduction on the Au (111) surface with Bi adlayers in 
the same solution (b); sweep rate 10 mV s _1 . The potential regions of the existence 
of (2 x 2) and (p x ^/3) Bi phases are indicated in the graph. Inset: X-ray diffraction 
(XRD) intensities at the (1 /2, 1 /2, 0.2) position (characteristic for the (2 x 2) Bi phase) 
as a function of potential in the presence of O2 and N2 obtained in a thin-layer and 
drop cells. X = 0.386 A; sweep rate 2 mV s _1 . 





592 | 4 Underpotential Deposition 

thin-layer cells. Together with rotating disk 
electrode measurements, the results indi- 
cate distinctly different catalytic properties 
for the two different ordered bismuth 
adlayer phases. The potential region cor- 
responding to the (2 x 2)-Bi phase, the O 2 
reduction is promoted to a four-electron 
reaction, albeit with relatively slow kinet- 
ics. The close-packed (p x ^/3)-2Bi phase, 
formed at more negative potentials, ap- 
pears to have a limited number of sites 
available for the four-electron reduction, 
but the reaction kinetics on this adlayer 
is enhanced by the increase of overpo- 
tential. These results rule out the redox 
mechanism as the explanation of the 
catalytic effect, which leaves the elec- 
tronic/adsorption effects and the bridge 
bond as possible origins. 

4 . 3 . 3. 6 Electrodeposition of Metals 

Metal adatoms have profound effects on 
the processes of electrodeposition of met- 
als. The effect of the addition of trace 
quantities of various cations to the plating 
solutions on the morphology of deposits 
has been known for quite some time from 
the plating patent literature. Usually, an 
increased brightness is observed in the 
presence of certain cations in plating so- 
lutions. In addition, catalytic effects are 
observed with some systems that shift the 
reactions to positive potentials. McIntyre 
and Peck [194] rationalized these observa- 
tions in terms of the UPD adlayer effects 
with the example of the electrodeposi- 
tion of Au from Au(CN) 2 _ solutions. The 
adatoms of Pb and T1 induce a marked 
positive shift of the polarization curve and 
extend the current density range in which 
bright, fine-grained deposits are formed. 
It has been proposed that at sufficiently 
high (9m, these adatoms can act as 2D 
nucleation centers, with crystal growth 
proceeding around these centers rather 


than by incorporating Au atoms into the 
bulk lattice at the surface defects and dis- 
locations, or by 3D growth. Davidovic and 
Adzic [195, 196], however, have shown that 
Sb and T1 cause a decrease in the nucle- 
ation rate of Au deposition. The nucleation 
changes from instantaneous in Au(CN) 2 - 
solutions in the absence of Sb or T1 ad- 
layers into a progressive process in their 
presence (Fig. 20). For progressive nucle- 
ation, the rate can be described by the 
equation 

{ 3/2 

I {t) = 2 zF A Aoc7Z-(2Dc) 3/2 M 1/2 — ^ 

3p L / A 

( 12 ) 

where I is the current at time t, A is the 
area of the electrode, N is the number 
of nuclei that can be obtained at a given 
condition, and p is the density of the metal. 
As expected for progressive nucleation, the 
linear 1 versus f 3 / 2 plots based on Eq. (13) 
have been obtained at constant E from the 
curves in Fig. 20(b). 

Sb, a well-known “wetting” agent in 
gas phase metal deposition [197], causes 
remarkable morphological effects by pro- 
ducing very bright Au deposits at current 
densities at which rough deposits were 
obtained in its absence. Considerable cat- 
alytic effects of Sb adatoms were ascribed 
to a change in the CN“ adsorption in the 
presence of Sb adlayers. No Sb or T1 incor- 
poration was found with AES, or by atomic 
absorption spectroscopy of the dissolved 
deposit. 

Sieradzky and coworkers [198, 199] have 
recently demonstrated that the UPD of 
the Pb and Cu adlayers can mediate 
growth of ordered multilayer deposits (up 
to 200 layers) of Ag on Au. Atomically 
flat epitaxial multilayers of Ag on Au(lll) 
have been produced in the presence of the 
UPD of Pb and Cu. Ag is codeposited 
with reversibly deposited UPD metal. 
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The latter is periodically deposited and onto which the deposited Ag atoms 
stripped from the surface, and this serves undergo interlayer place-exchange with Pb 
to significantly increase the density of atoms, forming 2D islands below the Pb 
2D islands of Ag atoms, promoting a adlayer. Upon stripping of the Pb adlayer, 
layer-by-layer growth mode. The UPD Ag continues to deposit with island 
of the Pb monolayer covers the surface growth. Figure 21 shows a scheme of the 


Ag-Pb interlayer 



Fig. 21 Proposed mechanism of the U PD of Pb-mediated deposition of Ag. The Ag and Pb 
atoms are light and dark shaded spheres, respectively. Arrows indicate depositing metal 
cations, (a) Pb mediation: at potentials close to reversible Pb deposition, a Pb monolayer 
covers the surface. The deposited Ag adatoms undergo interlayer place-exchange with Pb 
adatoms (light green sphere) forming 2D islands below the Pb adlayer. (b) On the reverse 
cycle, the Pb adlayer is stripped from the surface as Ag continues to deposit resulting in 
island growth. (Reproduced with permission from Ref. [198].) 
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(c) 1140 s (d) 2100 s 

Fig. 22 In situ STM topographs showing the time evolution of the Ag layer morphology for a 
deposition at 0.1 25 V (versus Pb/Pb 2+ ) that maintains the 0pt, = 0.8 in 10 mM HCIO 4 containing 
0.1 mM AgCI0 4 and 10 mM Pb(CIC> 4 ) 2 . Scan size in each image 764 x 764 nm. (Reproduced 
with permission from Ref. [199].) 


proposed mechanism for the Pb-mediated 
deposition of Ag on Au. An ordered 
multilayer Ag deposit can also be obtained 
in a constant potential electrodeposition, 
as discussed in Refs. [198, 199]. Figure 22 
shows the Ag deposits obtained as a 
function of time at a potential of 0.125 V 
that maintains dpt = 0.8 [199]. 

Atomic layer control of growth is an 
ultimate goal of the electrodeposition of 
metals and nanofabrication technology, 


and in this context, the effects of UPD 
metal adlayers discussed above are very 
interesting. The data illustrate remarkable 
possibilities for further exploration of the 
effects of UPD adatoms in electrodepo- 
sition of metals. It would be interesting 
to see whether this method can produce 
a layer-by-layer growth in systems with 
larger lattice misfits between substrate 
and deposit and with different chemical 
properties. 
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